


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations l. Thesis and Dissertation Collection, all items 


1995 


Standards and benchmark tests for evaluating 
large scale manipulators with construction applications. 


Wiersma, Mark Edward. 


Monterey, California. Naval Postgraduate School 


http://hdl.handle.net/10945/26265 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


| К D U DLE Y research materials and institutional publications created by the NPS community. 
FW T. Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


WW KNOX appointed — and published — scholarly author. 

OM LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 





be PAP AD ld € 
oe ри 99 Ad o а ТАТ АННЫ E 
mm eee "Ty CT яч kt er ris Lir S LU UN ZA MES HA ta MER one 
SE tuse at AEE О О РЫМ о 
oF "EN Mee e LAR 

AA a BN a a ТЕЧЕ 
ВАДА x Ay as Eres t es ra е ke 
КГ СЫ 









? DLE 
A PaL ЫРЧ 
Ке LOPEZ: a E SUR DE Piper MOND E 
de VER rd D АСМ tira) A gel 1 А LAIT 
PO NY My ER VE CT SER TI oe A Es sd. p y У 5 А ОРЫ РЕР Я 
r А ыр еМ o ТҮҮ Mere rr AE MEA Are aie OI уу A КЕ 





р а at A yy 
САЗЫ УГРИ yr rA n id t 



























S AA 
rer на Т БУ, КТ; 
5 LE Rd BULLY ET мыны А HA a 3 DT PE 
а re d NE RENT SUE PR чанин ЕУ RAM : р 
ELLE Ta rd E pnl е ТТР РЕНИ ИЕ e LL la aep НИЯ MN ER ME Euh eS CER a Roepe ik ant Meu HN M ibd T is 
DIES EE DEO S E T ART DS ЕРЕН РЕЛЕ ГУ ЫДЫСКА SSL Rest TERE has ade Ac Let RENTE PO 
la des D toe vs quite Resa lin gs anf УРЫУ: EU UL ares gto Meri p^ PAL ey eg es E Po MICE LIE EST Toa у нк e Foire 4 кзы 2 
OTTO UE нра £ Я EINER 全 Е В күүс О ent 
at: ine e ATS Oe Aveo! И ere th КАЛ PET TEE TE ыд AAA У 
RE AD gi aE JR КЛ" à ч ее d T 
МА vals sv 
CE FE CASI ag agan alaa rs N 


фы JM EE DR U раен M H 
: ran : И АА Е A E Aa SEA PETI 
4 974 n" Б +: i Bel Se AY AF Lay oy 
En | ЕЯ А УЗОРЫ vs rA 
了 x АД EX S 











EH ән AIL tea 
D р Аа е Prt АА EAE Lon 
i e чэ же РИ EEE A РНР a RS 
Е т 
И nb ande yrs (aps ia nde НС ve I АЕ py har S be OR HAE PUR Xr EH di р EP eh pe Prts Ina ORTEN 
РО АЕ НЕ НИЯ AR VR PONE NEL NR ree ад 1 LE заң „ым лу бүрү © ELA Ур Е pr Een tm qs у 
А а nt dee fa M LU bL T à PISA heben: E rs с, Сез; " D 
v A DIAS СТАЕ Fe de uri 3 NI n а 
аы Ве екх АИ и 


Apr НХ TEICHE REN A hihi EEE) 
Е А МЧ АЫ АА КДКП ue n НУ А ЫБ as wr eet Е Я о быз ат ИА 
tte A do A ха a de LA з=» ад еа уни н УЧ vr EM Lr Pia : A A LE UAE de ELE Tas HEE ИЯ A i ead MI 
Y LUI YI cuin Ret eee T E АЫ c nA epoca pev و‎ EA IPPO ARTO ke RER A N AAN ИН TOPI А 3 Ft id {ы a у уы НЫ Ego apal Ох 

nd mte epa a eR pants زی‎ ua A چک‎ E A 2 13 apes 1 2 aie wane «aret теа TE : >. een р М iS os Ny АДУ LII 
И и ЕСЛИ СЕНО БУНУ MIL рН 
У Sl Ж д o $ E ор До 5 ann ديد‎ БСУ viy dpt 9 " Bb Mesa dud = ^. tr 
Се CEU RO E MA E pes AA Tos Me ak re p ete ETT Em eS ун A НИ И e 

са peser * ^ Ж AS AE riam Mae A OE perc Me ; j 

ы ыч аы ien DPT Yo, OA [TD Oct eei RAE ru rwr ORE E И 


Д Stiche, LE Leg Dues 
Д н ЫТ У рн 

Мено алдо P Wed Tae a pe oe ae Y 
*» ОНА Li MA “li TR У E PU e ws Р 


зч > TR уу e 
АН 






EI PE EEE 
Edd EL ss Ы r 
м | ue Бу 









ы ыб Ты 
н AR К Ө“ 





s i te od ARA] СЕ 
иное р iod ОУН 














































































































уы ID S E is qa wa ws 
E t E alk dah ls 1 A TO AE, m E wi 
we. 4 i ihi DL LT ل‎ $a И Y 
PERI eT E К ТУН STE Ur TEUER ROLE, ЕЯ ч 
RAR AR Are pr ats AD ed > О E T DICE AA As ap dq us vc ми adi ? — 
р Pula: Е ТУРЫ e Y PAPAE re АЈА me Ie pal ra ا‎ e ASE rge Ea E TAP SO АНЕ, ЕН کات ا بد چ کد‎ NDF a+ 
рач [T PAL D Те" ЖИ О pe de А ў IA ет rd B EC Ae Do ah BY or ENE ARLE Eh Darak M 
ele e СФ ite RT АЗ їка lo NR pS REN? A Ды Ы БЕХ Ма u PAL E HPAES SY EET ETI А ЕТ УЕН: БЕН eed ЖУУ pal da Ie e car a heehee ey be sah PII wil ALT Д Aie Md ET ete Ч 
EL ы р dL US ER EN А Die hari EN; A a PHP CES ter eris iaa A aspe Lt re Te x da TOA KD} Bo A> AP erp bg GRO CE o А Ere cip es Mete TE ci i ln dd Pa e e byt Fl vali ican Redi Ho а стаен эттенет ега оой и 
ии яр ЧЫГУ НО КРУС: EE O PSE TEE TRIS TE Sn E OR S ОК 
5 A e a te O A US RITA МеН. н ‚Кыл RAIN ODI ES ENS: کی ووی‎ НТУ DLE. tee athe eck TIN NAAA, d Ped ane a a Ec НЫ P Ыя D ori 
Bele ауе de Arh tet cantare Heri rper EI Pe RE МЕ 5 pr nc ache Seh ie Pera Utt ages n vk. PPM rire d ERE arn fae нча rate ад MULUS А НУВ Ир в дек. АТ peu. US DEI Mengen dr E PM DE "i б аана 
А n Melia CETTE T Huet. 3 ањ р ж + "i ^ = Бый ы d a fi Dai SE DE \ Ыбы: LIZA EP DEI TIE TAL a er eT i ee at aes t e او‎ J A Ka ro 3 > 3 s Hs 
np Leser y ecg A he Му ч N Sma RTE een eA LODE ny EH died SE A eh ее М й eg: aue ^ НИМ пиаре ей ди НЫ EEE Ra trp pa 
GERARD Ca Arta e GI uv zoe > я CMM jer КАГУ НЕ er OTN ee tS THO ert deus wi ی‎ ыан уы otra wt $ Тр E eee A Ar М а pere Fon ls күрсү CURA és 7 W Г 5 Y ? ы 
кН E NE USK Î اا یی پیا ا‎ Н дЫ у; ui euis. ge A A ЕН ИЕ Doe EP O күүм НА Адын: я Е P Fa ی‎ 
НС А а eae tee ab rare eg ace fer Ae ОН ое BR EHRT TORTE Е 
a AA ANDE. A bar Ee Ме АК RE a : А niti da ру A A AR Ep ICE Нету үнүн LEER : E x cnm 4 твр савт 
A o Д E om H A pc a RAE LE UK S REDI ER aA К ЕЧ ДЫН НЕ р id мл d a EIE qe s II A SE AC AA PORRA de! eto hy Sere 
И НИ И uid A rca HE SCHEME EMITE eS SO НЕ НИЕ А eB Seat ead 
E d. ph inp аа АСЯ ET E TA а: р у рт ^ Ht d. argued err s ЕЕ ЕЕ I TE UT rite EIS A s oe p EE : ЕЕ A рт лы : Кын А-Ы; 
= М D ыы Ч МЫТЬ sr B FOE] an $ аи: ae ромбам. à quM eris. P A AA 4 DRG LIE TE KU EP РС АСТРА Ч "949 226, ey E bal P P "t ner: Ro AR! 
ی‎ ohare be eri erm iei ор Чер ра o LL ELLAS NV aX Meter Maie la ES A EE e P RU Ra E Py PA RC LEA LEES Pr A НЫ pat EMT Oe Voie eise ERTL eA a че: A 
ac Фа ыыы wf ao Von Quid «e: abr d т Md in re taper i calle Su Lu lod Фе Bici ‚ чү, ERE HE ran Aut yet RS a ا‎ ааа ТУРУЧУ БЧ кек hal ra Br ar Mires oe A A НОМ A T 5 M eire id КК ^ een > г 
у pie aria e e ie ER PEE п еу отуна ре د ا‎ ? ИН а ИРИНА РЕМ T 
m РИА nt d “ Ar Fr 7 £ È va м a "s НОЕ а А Г = А x ть 
DATE er e dari РАЕН او‎ tp ы арй задач И E e ONERA ا‎ ON SE S ИЯ НЕТ Ev НЫ 
pas ee Pw ei di dE, ett. AA ide] PW ы M А еа) ida ach B DP QA de Fan Aarne, паре дя Андре АСОТ A PR DA e BL N rw кз у ^ ME PEL LUI ТА Mri AIR TD a tH ME IAE PS ap А SE час АЫ 
тии IR : О И ми Ceres И ея veo Ct EN US 
РУР e «ve IT, tor a а A ч m Cra iR, умла кі И НЕ ОЧУ pl 94 загу - AT re ea БЕЯ 7 a ung A reer tr he ЫП A : 2 г $ г e ats 
DEM P ES eh A ерсе F) » M ч е" 95 бав A ERAS E 4 Es р 2 к iD КДУ Ў и ый дин Er 3» k Pen hoan emis 
р еы Арга ER TA тя ЕЕ КАУ EN ees Zo Уу И Е Pr. О I od Pier peers у ge t б pm AA pron ae cia 
Ar aries rir ari dte АНА eU ark oi pp A LEE e LED P RM Pe tiel [hers ENE ee toe Eu M ae EA ART Nr LO RR ER RE EIN ES PET Mr MR rS A pe Der tN тее à COE. RRA A nor 
y ج ی ی و ی ب ا‎ A pp Б و‎ to NR ea Lan Te LA SCHNEE ER Fehde Kom A O леи ач СН Я ; E LL hai НИЕ Ке E Rare? d ttd уана т A Н PT. 
наа RE gE S PT dde рЫ Ч ка ГОЧ Нуса рр рр ар а т ie РА =>; xe "b ATUS. des P ane Baht belie lite О i ae es AA) HEN EN Eee ne er P jc 
uot ume de CAU id SR ARO ARE ОА ОЛЕНИ: A НЫЕ hes И A na) р Вы ED аа al 
е ERN EDAR f ay а n ee ДГ aS MET DTE A Ud s rape О ud eve Фр ан A o n EE E A A SS RS AS E КЫ E 3 Сы 
ч " Ая АННО © ЮО rs Fohlen iri Mein Tal tans er Wesen Erie rip ge o Pian etl mde NSP ele IT » M A OT LP PI Pre e: ан dde pe 8С وا‎ орке 
یوت ج یراید ب‎ AAA лен aa зу A N wa ee et Үү a, т Dd terrere re e а RI гуту 2099 НН ne 2 d y 1 POSTE e E patte i uii АНЯ Pra 
Д) м ы SUD а ael л НЫ Ч d ages мыд د‎ 5 dr » A 7 Aa RIE Eee LE A si 2 2 ba - e р Á ۵ 2 
ОРС ee EA Hiec Rec ra терр СЯ речи А Нон e Mese DEREN DE ead see Pr C HESS йр, Ya jane ande dE qu s ay tar te ee ee eee 
ёс: rtp lal аа HR minha son ehh ai A ОР diio AM WELLE meee ee ее ee nbl ai. foe ees 人 ту ey ery Е УРАН 
n = = $ fa fi " " " ОГО У L4] LT E 24 r DET. thes ee. E. tat et CeO Te e ES er 
нча p vec cal, А o E iEn HR AM ел fae НЫ Fre йд 4A ANTS AL Ry BY CY" 8 TRH Кр" не 
ЕН ЗНА ee И М o dede а 





站 1 3 я A ре «фе ВЕ РСК быт ром ал ERI EI Ea , Jj „ыл E 
ھن ہہ ا چ اود‎ e il lcd y эчу mr AR LTE ER AO A A reM M а АЕРУ OR Би И Pr RR m. wien их a ogee el week nt aot ws beard 
A a a LR Poli Е A ООО ate 3 я A TN A ATEN E AS eas A а 
apis Lied p trcs rl ape a A ОРИОНА ARTO ARE PI a IAN Н A : 2 toh laa prt htc Od LT ны аш, ния 
СНЫ ее ева 9 deed eter чето ата ау ЭХО е ара Аааа: а У E ie 全 M ip ea ed d d entr LL pd ee ч Vira eR. a bor di MER de Teal tre Dia: e para dia Head ob а EE M aT re 
A BE LE QE ч ДОН раде рен НЕА О А В, AD Р ae erty И ИН e 
brash pe bn aller eu bios CI e dd is o A нач н Me ls A cd | A E Uy EIA e a de RIDES sa} СЕНЫН Ар 
БРЕ" datu du t7 ama eS do ا‎ ооны а, y wenn nette rn FEINE MN ا‎ y а) Т ыны ка о ne РИ es > та ^ Фл, A RAM di betae edid Art dicrum ES 

ЕЙ rt v Dr EOL TEE Te ih ET. Den, Apa eee a ee ОНИ не р = E k J aie 

Ы Ан Ле) A ъди НС A CA A 了 ак А ERA ул, Pa CRS aks or М Де AS ANTI ODN Drian ens ^. à 

idol рл 8 арол ат Eier aee ihe AA erbe e ger pe ap pe ee о А a IO фо 

GN еда тя o ЧГ зге. йылы АЯ СС Н 
НН 
у E р 


AS 
ez) o ANI N 
Fs beue N ет зү 


ҮЕ 








P 
А р gei a rer сть 
QU LPS] TA mo کے‎ v» jr йч Lr: 
IENE oo s Т as су са prn ER TE Li IAS y Pa os айы RL 
e PIS NS о АСАЛА ром e EP p eeu ta. ПУТИ ri el 
Eho or РУН LS ae eae нА = - کې‎ 4 


РИИ Брач 
aar Mv. SUA d Sr ee ч Py s 
Mid erre PA dd ES e PER < birt tended te ee 
Pub teens АЫ AN А Чанач ыы еее tici: itte he Eier 
y НЫ а A So RA NO REO EI q da eB ia 
PLU du Nm on pha A О ане А re D A "pt 
Mire E SD A» P Hielo Se T TTE E Г, A tg le Pat ae a nay е 
м араас Ar ا‎ e; : ИФНС d 
Mara UELLE ina Lh ch ne ET an A ымыы СЫЕР 

С 












A ТУТИ 
pad ОТ 









= 






































































































$ E ОР ا ی‎ тс 
DE OO EOC DERT Pe کو تجا بوم ص وات ا‎ T anaes 
a lad eB ttle Ley re ee) Pe dod чи РА IL ded PR nb ia EE CLAMP pfit" 
inel ; н а ا‎ i-re Da Ue dd Ee ette EQ Err big vea Pe Ret oii agat didi 
D е 4 р С 4 4 A Кр а ы A ЫРУ А АЙ, bass a > Ана аз лбу эдн В бт a. 
loa Buk РГ ды A AS Pt rm j У E А J eg Le AD FU SOFA ri wb grid De o Ne rre zi ARES RR ел" trt 
Addio o. Lola EY OT Puedes OP quà ar 4 OC э Erz ^ ? E б i АНА н Т е Mimi н УР p О 
к < ic у Y М a Ў E К 2 9 d > tea y Sd PEL EAE PR doit A 4 BE 
руу чаго ор а rer Lak EE d iie ne СН и ИЯ р ТИРЕУ нано heic QI Thi Sé eaa улдан яма rine Ata ro EIC iioi 
Proc dedere trie pni tere wp Aid e a ba A eh, AAA A отне ERE : Jo " Гын a TE ET У zs rapa mite 
A enact hte pl pagan ей A A o iin eer P by rideo RE ct О E Hi RN ARO uet o Ann diee aen) Feier Ge Н AR dad E rd nd vie de TA 
5 add Ars je > i Metis oF 3 TNR Ann n Y Jum 0 aata арф : d ира aia o e Tiv a يکود‎ =. im DI 
EAE rn койым И И ОУУ а; се үл “ы Ы Н Shan P pii A ES Уга тө a С uh r РУ: Y AAA ee Аа D аа ЧАГЫЫ чырае сч 
и A ri eoa ee Rr e Mace gei Bk ae e ие n DESC Yaa y АБР O ed Лы AAA ee e Er а рае ee AO IIA Ai tri Des a np а ДВ de ae еы lahat nce Lt Ig АШАН Н QA rc 
ea res ie mee rei em RP aee pee re le eee E de i iN A A a RO ЕНЕ ИСА НОЕ ST wa EN Den е 5и А ау ia Ба рск р Ebo bid petii i PL pn NN aly HRD Pe 
, D brisa c mete lst ht RA و‎ 了 gre Nf >. ч ee PEE вы т дд сл Poth ee а ao y PS АРИЙ nid d A M La аф сонуЕа retire Pe, 3 кте у pick iini ZA iei Pen er ee оны ут: трка pb 
а Ше eri پو‎ En ORAR e diag) чаду дт оди NY азна Мый DIR Mus мек с Hr ARE: F PA а а P s VR m ИК EP. r EM p НА ld icto ha СОБ aa rl A Rt yrs eee T vct TA ачу N Cc erbe ah tan t phun Ts р аА НА ЗЫ foals тс ара 4 
бач м ee фа ыы Аларын Аа УУДА» чакма pty a La ара рату aro bien zar erre Rt apum Aare Rn A pi A С taht СТ DTI eee. T absens dete AE a ro ode AAA е РАКА a n E E e be qp B Wal Molten eiu a E БЕКЕН И нү, 052 bes ды een, ee 2 
ЫНЫН TE og ebr ed E FA r аА poete hehe E om d Td aL CA VER RSG Tr poer raros Er 0 E Ына ne ан фач, aN N E i AE Але" ч, р-на ими E tesi 
aî =+ e “a Б > 4 РЕСТОРАНА lia? 1a 3 & Е rl, р 4 رو‎ iiS pas e Ue à AN e bo А б ed La br eie pt сэр Фей са Arne Fe s d д m очен RE v diri tM : 
EEE UR REA IUD A MATT eem ME UTE О XM E I as peer EISE qe CT EE : RUN EMI ettet Ce o 
ende Pub LOT Om 20. EY Eu == Ы зе А Б ad Me Amen А УТОК ot Hah ai spheres as я ы % 4 ' | AT > 222; : р 
ولھ مد یور مد‎ лен ee Ob a eee spat see LÀ a r aay eL r Sa Pineda Nd dr Be ae ET тЫ LI Pre op ad acute т Аа. уе А ne nn aut duh cede Ei Mew rU aS vede spi Ni d 下 
n eae Ci en Г аа у پو م کے کاو اا یی ا‎ tg Я 51 И рес, ЯНА Ep е куяр е н а ВТ E E r ag я de ie , 
аач ee А egi reu rte Pira ti A bres m ia S PC Nm E enn C TOR [d oe RA а "ye Meri "SC ан ФА vid ep un Fon а елена Lid ic ии Мы РИН 
арч 4 тле. mp T Lr = x ^ Я К, е р А; ic E Е C x gr tz s En en, а de y A FR endi 
AE, An ei poe CA a O POS a «v ar SEA NR HE UN PA A N hors rr rie ei C eret Ly a een ОСИ нь N e 
E "e. > т a avs ub e mele N Е З : 1 Б wad д . es aa DOT n a P MR Nase УЕ A N 4 3 Fa» Ы e e 
enia. es de, eee Edi N ee ФЯ pem ES ia Reb ee ре boh er 2.4 د‎ ега роям н cand bebe Sandi 4 й, е = Er en UA Ohya aioe re org ры, eee Herr ve od 4 
JU are E Е х uu Бре уь, " Л M J nor Ths, are TU a rn ê 了 n M ut^ D байбы N ACI AA rA ia A 
rr tl ad ir ip en едь Renn tena RAD S. НЕ NE mdd Gn pS) REA a rs € bib Mond eeu Sant bled bd as Bene eae in etd utei AA tea tnt Lhe 
oin i-is черер Ары ыа E NE М очи Ic YT TM Я - EYE; en неар еа IDAS ia 2 nent 18 Mf £9 Af rte s А diligi a 
O rere pee eder A SP e CERRO E EE ERIS E Por MEO ACER LE И 
а а Ан, OCA A AT Per ar MM A E ТЕНТУГРУЕ ма ы EA he Te NIP LES 
кк err eet ee] нар ыг NA eer ec aired С ин) CN ir О У 
а Неа 














A rema LEITET у 
dd c a edet M UL TO PP 
ыы Ic Dr Мады е айы LT p ndr c TA 
н CPP otn LA TOT O 
Sa AA И AP ie 


uale Lor on 


IL e ee 
ai "TE 
УРН 


а me 

а NT a> ب‎ ра 

dai ت ی الوا د و ھاو سیک‎ EIA a ITD 

I EY O AE ga tad ре тИ a 
PA da AA ورب‎ A PEA 

UES e ET AAA 

AAA RAS ыы AT Ll n a RT 


А TIRE Daa aS LEGO Fata xe 
H = ena Dt Er Мыл En nt AT ee 
AIT EH can is e eer a ee Ee EIE ЫНЫ ЕРНИН НЕ ДЕУ К 
СД N A po a DE e RA a rt o Tor nn dar mann 
о з nat ona vor hs 2A ОИ оф, 
e oa nat tr ман РА even», ee ee 
ers ОНА ОЕ НА Eye 
$ Ed de 5 









СОРУР ТУК 
ta ET ANE 













اسا امم سر ب 

| А EAN AGA 
- AUN ‘J ^ Н y P "n ы N “em о айлы ae ыл CAT اسا ہاو‎ E a! Cine rr Т БЕ 
ра v Wc VOX AUN Ane JL a Ro es, d D TU o WEM DAP m ASI O TE TAN ee BR О ee ET 

A PA a КАРО Mid „с кы ILI UI P. ы! Ame nm |I چیھ ااا‎ LU LP Ya, e a Ye abby on " > M 
LL ы Lis - СЕЕ "^ Р 4 М e i м и маб aS абал Г E an Pt 
P PART A a E dado: d LIN e о aig RO oU а AR وا وروک کار‎ кыы A 
С ЖЫ >> E 5 1 * T А му. Y Der e melt Lia de Ми ree Р =: 
P ЖР ЛАА E Г wt ber € e ТО ИН LOA дм ак а ii dd e sale his Mie ТГ АЙ мы 
a x = Oe T TT ЛСГ ЧЕ di dice b a E Pre E id o aede ЭЧӘ ^^ руй» 
а орон и RER Н 
me CP эф» ә ^ A ч рро 1 Anau. R E 

are Bee тАк ИЕ IE A oio 
ee оа DE et er ae 


Кашы ы PORTU ei tn t ip to 7, 

Seleri Nety T fa prds p y ptm ПБ O 

P "nma D BM‏ یو ی 
Wen ow edt eoo mm a ia = =‏ 

TA EENS 


> d " 
E A m i E TP Үе : 





a E م‎ 
ba ра 7 

MD Ay A A e rip 
RUP P 


бы аа Вы А 
УЧ а 

dd А в чу ны тру T 
tee ра) < та згра о, 


Ы 
MAL P nn 

1 2, ge! A ا د ھا‎ a porum: 
DE optamus 


DI A AD em 


Lm ndr bd MES aa er яр 
О ТА 









EEE rg 






а РЕТ 


Ga yn A 








Me e A 


е Т 
а ее 


pc nte 
ANE S TEN PPP Р Lauro LM ыды a 





Nf wp ды Пр 
YET u trag te ыл ie 


el M DOES 









bob Libr S EE РІС 





ЧОЧ 



















= ы АГА еэ A 
A ч د دای کید ن‎ € a TEEN re nr урла, А РА we 
Er х prae rd ope A eo ee volitare RA rers atelier sd dins rain н 
MASIA "Run РА de T n т ЕВ Маг n >: М w , 3 Du 
TUR Luna, AS AR Aap cat eres m P Ba 5 = ^ б y" AR, РОТ we А an A ы ы Eo P ea n E С EL m 
а Odes cA Barca ا‎ Dees by s ла N aa Ру edil IATA AS et A SE RR ao MH edicta Haat tate ПО 
M. - En ge, КАЕ ыч ie pies Ис» Ддин А фы O e A LEER Bee е ae EA ео aa B —— 一 
фана tk bid eatin НВ Dod A Pda de e ne d SUE TiO EE qoe ee que татат O ежи мечи ечат vicia y OWT AOE oP = vla, E ATP Pu ey ii A Ads: Е 
эй, dis а bii o al ieee fee Cae ee es LUI UE een sax “3 тфа De rra O к. lE ETT] bir dealt EIL м те гд A AP P ОРИ EEE Er МК рым гы TE aet fps rte iat ease PI eee Р P See - 
лет, раа antes 2 r ا‎ we fué ا‎ ар 2 A Мыны! ВРТ Рериг Beet ALCAN y M T LX ts ee ME UE A AA taser EN EEE e e rap kad ea an AA КИСТИ А ы n 
тр وو چب‎ арі ddr pon lla ee аеры e ne ern айыы, Du SEA rd وا‎ Nt مسي یھ‎ gat we 机 ЛҮ دپ کو‎ Р 
ar, арок Ha م ا ر‎ Нее мочи: и rna es e BE recae PHP pP E Spe caret - 
ale y. As б Scale ah ee Lt ae Ир ^ PCT Poh aman agra SFR rt 
С Se hiss Pa 2 КЕ ^ у ч 
‘pine TEE re oe el Cate CEPT at en a posi ae 






> ene Der Er rer 
Ener + aa hee 



























































































































































































































а mus mum t ern 
PILIS ГД mL ва ачан mag rma 
TE aca e ETE LA 
ل ا کک ا‎ A اک ما ر = 4 کے کد‎ 2 n en rei 
EINER. ee a чы С FIM. Qe v tom Mat repr ee ss à re rg ee лае» 
E mE з o EE a reg Fr r a e ИС УА os E cts E. ў NE ee - и ee 
= 4 КА, = dires s зае хаух) В aes E ne wa» n APIS „Яз ee ee LET een Phi hl do 站 e EEE iini en о A op 3 m rer duis Е оа ой А AA den Pe ire Naat pon pistas mou 
A acia e т P d ee ad эм pri ©; 5 боем) а «€ UU Po qmi ^ € ee Fe LITE E RAA м ds RR Fe parant dni N Edd. هه‎ Ep E: М “es Але, А Ан М ы а Амы Ыы EEE a aaa ere ти аю «о OT Parvi ча ET ir Wm pU Mr Mes 
IRA WILLIAM БЕСЕУ pi "Qs ы ыу быу хд а K ч абу ра е, ай «ч cen: Pi] Ln Pci aba E EN рач VEIS EA al ау аи Аи 4 = м, аве а= d О прочь „му PODA TETA AT way eras rr L E > а ТЗ LT AE ee sU m P A а ЗИ DINA еее Pm 
پس‎ = ЕРУ р а a itd lo da 4 i AAA AE poo CASES 20 Ea len a eM "TP NS Pari E PARED de ch телек ы Га „әл барайн дь d 机 С Е ыз he alberta aot ae Абана ва РА 
lada tp Ri = Jos Den a bns Do xl m xe EEE wre Бы; Е net 5 En у yen ioe e A Ф ы бышын ерү П а M RAU a Dt a A РӨ ed ll T و‎ он ЧИ Lu rs nt TT ee ЫН ЕЯ ye Lo 5w E 
s Phy ando. TOM EA A I кА Алыб ны анн aa as bd dpi Ren En н, Reed mm ee er due Rer % ee erri Bone Se de d Bee Lr eh CEA FN ^S ew > ч 4 Мы ушар, елу = AA A ande in ne rn an 2 Pd ee vie EL POS Ere ur c de E ahead th en ip 
. 5 dt nt м re => M c m ee " ма = a mba won. у м. ea د‎ 7 Ы وه‎ к J o Е = > J ~^ E LIIS “ھ۵١‎ = رافک م ایی‎ M ^ - и р 5 y м Behe > фе irai. á >. ы 
Ф seen etin pattes iin Acsi Rosia quos та К я а rM nte Panis Iri rt мл, Е Арон 生生 Ар ЗФ er sanieren x аз NA rir icd A ES pn > ee аклы, ЖЫ m Е рс А ا ی ع ۶د‎ IT Te TG raid oe pd tf tae Linck Saget ete re ARAS LLL LN 
E peque igni i P ВСЯ ih alas date a ar et eee eae Stier Ne АНЕ dem * һ дүзздлдд дд майн, e с; наам Км e^ € um tion руу вч 52 er a A BER r ee ну Е 
И ЕИ ын к-К a ae TET A se ri ОО и ИИ ER ET eo i АЯ 
subo P Ly) = = ex = N A A AA AR A EA. AO OS Le d A M E" Der nr TO РНК, О РАЗ $ - АРА i» Ы E " x > y м лае "ча К БС > e eam a А "=; س ا لے‎ 
ae Were н" ымыы ы Г ENDE > f ы = В E r z "e, бя VR S^ Эк ду. m^ ua à y ^ лр" а, ASTRID Ps sd " T " 2 р ә} p و‎ Я ر‎ e FPES 
cinis N iint Ne ا‎ won N. т^ я ERE ee 9-9 == ма, жЕ. АЕК ЛУ sy vo ad pee yas ELTE ee ind di! e Pm po о ی اھ‎ a A УА e ор Te om > E sen ia r ei Mc enda ip, E n 
O SD TD С Nu ар мари be ibi ea ar aly РА ре ی‎ ded DEEP ic у, ы ДЕ еч en Pb os Py ete eri м. 6 O A Раса bien eri ST Б RI А edil oci Dt cO P LP A et ССОУ 
بک ي‎ pi ымы ыам» sa О کو ا‎ a desi eee o. phe e» aad LP ОЗ ә, р ү pues a: s bes P3 = AS a Nein A Бу ео te TET e АЫ, : = МЫн И ы лы AA lr nS EMT at ee 
РНЕ A RR RN И И ERSTER A ан o E e 
atini y et 2 UL TRY ao rper: АБЫ u < xh е a e کی‎ = ы = rer adis » na paar daan depen Ree do ean eT DD e be кайы ы Р re EE ow 和 rr in e Б 
^ lod st M оет ا‎ ET RENT et tan "белым boda CL tbi А hes a Mur ыле, = А рч aha i c9 d hr. а т ат s Е gp, a بوا‎ E raxe ی ی‎ ENE ia y аа ТИР ах ом bal sac her dedi o ern A ena 
De Ip np EA Eap ا‎ O EC Sat a Mna pa O os Pe а "a раа заа ы palle: dar жы ы-ы ы панела аа айрый ы Na a Мы аена и" иа SL ы АСТА оа ed a ea ar Lee ee M Ё A AA SR ia se in eee 
ee Bee coe Zn MEI a Te re ` eran MET r UR ө мү ш RA A دچ حم‎ ел چ“‎ ro РМ» a RE ge eu ee АЙ ee ehr > کو‎ а тарча ао. Да ая аала а ТТР о н TEE о уы йде Араа EL I M 
nt E یوی‎ en nn ae loe AY mol ge SS: "Ct e ( : et چک‎ еа У ЧР, Дад, аа iR roe ws eh ا‎ Деу hel AR ыры a O але о анаа ВР а аи 
en & * e^ Е t ME ee cp FILLE Zu E M ы ыы = E к $ de 3 1 e. na E E: + темы. ds PER А de 7 ы ul 4 da .o ^ 4 в 2 5 = . LE 27 2 КТ” > ГЕ jemg Yas taie y e Lie м Ч Ты "AT y М x JA oy ma a = 
er aot neis =~ нў та a ae L چ ا‎ n یی‎ plis ee e Per کر ارا‎ аат “деч. x уд ет ei M EE A Я ра Per Г iod v 994 ps RM с зе ра Aen A «t e. و اا ر ا‎ МА» TET: د‎ TE De e iy ig < M Port: B 5 НИМИ * fede IE ee ee ee A a d. T i-i 
” Espais ate E = mee PLU Pr EN А ыллыы ee а ins > Em md PE eren nee en ar un a PIS 37 và a Fon Ap м > m РКУ лы, aA ois "S "Pad a ey rb piel eta fes Re m LL ERA LR x C aed ы РА ае it SAD e М ر‎ ee Ar ve en "N UI ا‎ фа ee PER Tre: vv 
-r к ve ý por eee pe ИР үн аы me v. БЕ ear E х С ~ Y e LI " ¥ үүнүн А yr =. + " > rM wet jw test, yara e "э з» М " eae ds Free а RL Фрода ii ade > "bt ts 2 Ям, 3 = у 
Ar Ui oe oie ^ Aga uA oy er Proud Pree re ME n PSA E puri rd Ы c IN io A ir RS SO NEE ces runden Pi Ana ware, ан р До ee T "ep 18% mn AS mobs ol рерна LITE d er Ve ion ал A a vi РЕ я cope Зу чу, Puer: n e ^. c deine PRA nen Er 
„a 2 eg veu ps E Mri er Lace d к ام‎ > БҮ er ered Бы ob dco Les مو“‎ = A = cene opt Bee Karen = " Aare ыдын ия ag OE AA om da DP dies d GER M DUET MT e "ue бы AN re ec инь = Mdb Sere و‎ ~ ch ren er серу proa 
А ES y 4 sr A ri O a a РМ Pd A e rom. СОХТА Ne O LK A ATV pelo do Dado NS E eet Seal n diae arti dd i p aat T. A Te ees IT es ee ne ы 
rd er; ee! an iaid ОРУ سوا و دای‎ „фә Re ow fm ч ны Mese ts ia тачвид нл а а gin е а НАТРУ аон de e E ORE БТЕ Мың грла Sehe y A Сара ат ELA A Eire A EE E IEEE р р 
moi edi ee ad ма» "ебанд E A IA ea a М TN yum y g 2%, unit, x br NEL Ab Apr BR, ae жау" ^" S s d E TD EAT io Pto Pa Rd э Бәр ә, o Ы ira ба en re ы, e A Sn e DA иво Fe 
AA a- Pine, ed d Nu C AA Pre ee age A E TA A A e ee BEN Mh ellas: тубу ri ld pj к teed tea, Гем. ПОНАД ДАИ к Б Le Бг ае а A a OE ылайы ы ыыы ب‎ A Pisano EP Pct Mm Mea INTUS ion mar а Arar. ce e a д РЕ АННА =. تسمل سے‎ 
е = - К is BEL re мү” An men ‚Б, - 4 t e ah “Ss Sa we ^ v y & Po Mr Pre Pr dios. $ e. ap Ml Ad. dr em Li dde و ہک اھت دی‎ >» Perse e Lu prr = , A ЗЕЕ run „ЖА эы Жл ГЕРА ыы ra onm Te AR VAN ea ایر‎ a اا کک اس‎ ee wd m E 
эу cq e DESIRED E ya а ее (E A A НЕО Л "Po wp AR ed Mm tL BEER ES namo DLE ag Pp a E Aa РИ a so afc vee ады n O Md pm uL 3 р ee 
сч AL o if рч учо рачен Ц ووو ای‎ wwe д 4 к. M caido А ae A y A SRLS Е d ERE j - ی‎ Cd а Ф > Bar: + уф + one (LET T= ATE Era x a i: AA P ES A АРБ A ГТ] ب کے کے د ی ہے کو ا‎ r a a a e 
o Г" ӨРТ С O рься m row рро jr gr ET f, йы TO dre arre rre E: 4 a ER EEE ge e p ah a РЯ Se ыы ER р ١ AA Oia ha SL e وک کی هھ‎ y se eg Mehr put мале зе ае 
нь на ЕО трани Ap e de а is or SP нЕ = un a een o £s e. a en kosi "we > " IA a a E a ee ee dedi „= 
р ee ae cidem e Жый Ар А TT UF E RETE I ec Ti “= Де OMAR RAS ADA A O E Ен = кызар у за ee = er n ag ا‎ e SO E Ta 上 
I at Lo A к. x ” vts ven а APUD "Redi d ea Tr LEM Ion ERE: ИА Е ‹ Kae We hte one ae ET M aa " > epos Fr Re EN = diss A ede 78 Как С CO ns te = FR EE wae EO Араа аа к» Аа Йй дылы er un 10 ttn rn ease M arra rca 
ele tos eir eie rin а ete 8 PO re Врат ро а. ранна lg выч u." ML T EA. eda. O Жым a TO EN stie zd. Да rr gar pr Ph a O ER! урь PRU A T ppt ur вам. ALS ER LL AI NT T © о eb ыы = 
“vr N a a a A Ы d = As OD 2 AE A А O л < E "Pu A ВЕР к 1 ern A Ай... pres r 2 < تچ ا‎ J رسد ب‎ ish he fone Р „майбы ы „л рут یی ا‎ te) ETY 
Ле б амын КА «мл Ке И МеН ЫНАА re ونه‎ са CE ыыы К ГЕ Л, Po dd o A Pa me IN A SETE Г), x а аы. ДЬ 2 Ра a O о р н ne en рады Eat ЧР 
mw es ыш дь e Lebe р. en ne Se ie ў AAA Le A ЕАО eo A ES о, ee Ы т ra fie Зы м ci en Жу EN Сны dace ис даг а. pl ale ык ларын on Ea e ud ч 
ra as Кы. una o een эр "V AMD ATP MIL e BRUT natat о В EDT ИЛЕ ИЛЫ ЫИ ту na py cA DI + ya کاو ا ی ا‎ POS ee eee rih aii GD n Ede ee AA BUE ы ee ne En u le ИЕ 
A РА ELE | ere ee diio cte Ebo ea. му T e ee ee рл М ыд AA УАШ СРРМНОУ e y HM ا‎ eg “on mg o o en, DEM рл Pp RES AR AA 5 e و‎ ауес Adi 人 OE O do КЕРЧ 
(AA AA 2 адаб А тәне не ле „з ج‎ аа = SG etel ы a = zas = aN м РУР V P. " na eee a: Es. > P dt E m бы ta Sars re ta WW Ее ЧЫ: ٠۰ د پا‎ N быланы ыы ру А 
я Duy ы УЕ УТ ЫРА А ынын кырр дус дй rdi Ч Ee Alpaca d ur г E Te, lir DEY, a_S ia еоди Pas н 20 LLANTA ean w МИШ ы Жы et ТА A ы Гый A lt di СУ т лш УНАР. HT M dea EE ae 一 va 
As ee, оцон бреу ы; ш и EO RCM ANA MA i rengen AL Ўл ы Е a 2 5 вы ees GE dar a = alv e ate SIR Um de br "EE و‎ Ga pote Руа t ur а pe ET Poss мыс» a СОЧИГА ee MMOS TO ney Wiese we «thnks moat РИ PA T АРЕ gigi alex) Ури 
are PH а re A ae і аео оа бидай ауа, ran = XD we A TY 0С 09-4 о ее А E. E eec dpi d = SH RM سا‎ ds PILLAN a д АМИ EN ын a e PB 
Tall ЕМНЕ a Мы ыа IRL NE rl dia ces e eh SRL К er MAN cmd Ne ana m ml Ж йоу ee PR Ре, Me RE А Шума тыынын И a Tv ee а a ie Mun s IP pde n 
"eme "vu vA. y om m me A Mg vetet eger SUGAR a * ene ^r ve eh ee LIP n SP, Ф == SR уч 3 p e 7 > agisce [ICE EI et < о дру کیو و ہبہ ۴ی ۷ے دا ا م کی کدی یمو‎ Per ee AA Lo ee рая 
u. Њу 222 e = [YIN ual a mor ov did ee ee on idc E Ce dm а ы Я Ке ¢ $ е хара к = =ч р = de PER ا‎ P = = " rs erg суа bsec n in Kor a оьз ا‎ о а ЧАА АЧА A AA "P x чын АРА 
Em ричи ан ин sus вы E NE. ا‎ ai A m 3 а pestes Sor дар, ире: Р hz mage! = SR mE фа, AN IM ¿id een u Me fu dam y А LIA rage m Ls me e! 2 as чор» НЫ AA р P. N En RE ee 
SA NS ii a AA کک‎ э ум В а нн я Pa Y NN сәй RR FE a EN ren eh ne SL я Princi adf = o РЕ > к A ne = ld ШУ э „дь зулу „4 ee eee 
абыш ыа и ы И on an ен ыы, E T. Y Ee e EN odi. ОЕ O a Je неа агас е E += К», > НЯ o ay edere iie Р-Н 
pm belli A а qu a Pen rises A Lm ..y y A rete. pr Pe e ‘ ie دب‎ 26 р پیا‎ е А ЗИТ dei к ee Ae Haas м был кү Л ы т PP CR < شی یدک وء‎ < ET Eh uS mie st ve 
pos pi m. en inne 4 pet LE ae > ا‎ onn ii A O ma UN Ч de. Рр гоа se die - aed bbs del Mr, LE КҮРЕН DID AS cL : s b Pret pt bebe odii i A en han AN ee Mu AW rele 
a ا‎ m IM ەد‎ NEU IM toe pistes! ee ea Pe پودء‎ ies UMass > a р AN are as ту TE "o RM cipi dcr marten ат А sea omg Sattar {элс A as iA TE dak u u en о ОВО машаны e = ب‎ 
w^ ere e atus m ede дн ER И Р CELUM Р еа а т М те б 5 E = = » rss s Теш ЕСУ ДҮ шмш сыт с bes irap 4 oe . > d Cie E Le E i fet Б A a Ымыы С a Li qoe meon > کک‎ E A PE A a -Eva 
Aa oe Pt ent TO ud NUN dd diens ee ды. pago а EPR а а co as aa ene Го АНЫН, AAA Pi age ce WP NEE AS р пеам аа „ЙЕ нь жм A MP wed LP Ma oa ads A m heres ar qnae rA fa ace anch do E ect 
о ET C na E gen ae en а А ا‎ ло atat ر‎ O io MAA a al - CAE la ee e TE ро e a Mal edipi тыр А Жы 和 E чье ir A A ee re a ьа: DPI 
ДА T "t vs 5 EC RER б А‘ ое ee Cent need ns enden SH 2 Sr Si ا ھت‎ e. e PS 1P = Peer а ена Pil dedi LL TES Prem е7 PP Steg: v UA e na D Tar PT RATA ЕЕ ا و‎ Ан бый ER 
sere’ we Ыы та "аш! = Ерт уь: Е Фа эй о 3 и к ир AU. NL] en Seh > Ey Ju 5 E RÓS * die^ Кя LI LL dis db. EPIIT, Pre аи И .ءي و غم‎ vt "AST. м воне аб Чо S PR ER УР PENA ri oi ee > Pr poo 
por EUN E ko 2 rs ee ME APA rS o Е а li a, OUS "es v t ч Biss aane dendum DAE HUE XA a کک نے کے راو وا‎ ne Аай. жыз ира AI A A a Ai тень 
E AAA = > a te 4 * a зу EC RR um en RA e e де aaa ee Er Aue. ыы К ы do P Fur ade ماو‎ O r ana A aea w^ ANE aem SE CMM Redes aD r Qi ot tl, DEL n یہ‎ 
uid Sod ELLE MT 5: e. ptr А, LL SS Е re ek a Р d Vesp M чы. LE a GR Pr odiado ir x A LAT A В вии 
TA EAN O A E vo fas {v gii A de A он оны rond 二 Dap eae Nr ee Г фый раны ы о алыйн ы ы та а Ср u a : dg s rr dpt 
EEE, р» E ا‎ en a us Erie q eee ee е ы = AR AS Bun Sum O + اا‎ АСЫ му БА de ie о, СА Е рр О ое cet аьа 
m ae ڪيه‎ « LN Ыл жыл ы ылы. 4 > a EN e PIE: À ی‎ z A “ura. a Ww ‘ore fo => Каш bli dE -+ я - “= A ee S CV e a as E pr Pe ea A 
Г «нд "адык л d Ба HET, РАНЫ wes r o » 4 ССР utn P ciiin s T EE Pr aciei ediderit es oio E ovi ne qty Sout ete: my, is ا‎ S ee 
Em nen en ee ann dq ка A аа TA ^. E ae o ` таб Z 四 AE LET Mur ann m enan Hm д رسای کےا کیہ مہ ہہ‎ аи Рр Бан 
am a css d d ЧВ ed: » 9» - а CAM m Е амы жЕ ае Egi т Re A pat Sine Stee e Е AA ee ЖҮ S A AE A EN n у 
а = ee St ewer we ھ طا‎ zt от de are a * Roast ni etu са х. کے‎ ۴ SIN u a a a P u dis ач а Er te A E олет ЫН re 
GA a A EP Р" $ маз i е с: М er > دوه‎ a 9 2 a er nd a фо ыы Р-Р [RU кырыы ы E Pel A ЕНИ 
MESA " A Ac cin A я res Red. = “ g нч A [I " wom | LEM eae a „ n » t". ore ns. Lr rr Tu нь, тр 
w^ tameo Verses - س‎ me rm e - — ^y Mr RATS = ES > QA ا‎ es е ” +4 AO Ad А Гы: A cr af mvw ч ом 
Mn ni din - а LT. = Pede pea ri tede IAS "icai ULL OC. c o Е ео ee 
Er v hen E Б P Et P А a > 2 > Мы йлы мы ow + کد‎ a” to dab АЙ ОК Ас. ы A RE а 25у „in я e iced Lal АРИ Di E ب‎ АИ: 
E wat = Даа r LM „ДАШ. nn nn wt onm e^. c E E ми a „шад, E j rad teh. абз : Е “Жаай ыле И Dove rit ree he Montre re m ce lt, 
о npe Rf cda О С A POUR ee nee Е * ем he IA o руа онр cn ud o Senger Wel адары A 
ma mai * E^ ARO СВ гы] HEC C mw Antes p Pott RE ala NR 4 кыл ыыы Ж... کر وت‎ dy TED LCRO n= " Оо JUR cuo vef vl Cv bd LL SM IC PHP er 
zs ا‎ © pO" AA NE а ри ЕЧЕИ ез лә өй, на а А А САГ zÀ e ы ee Ei a "isl باو‎ diss E ah rel lh can E рана © ا سے ماھ‎ enn halt ee 
AM nn [ee eye ew boi al a e г 25 + کم‎ Fo M z о АА bu d E LER y mee , E а в ата ie „+ hls Lb LU d. S ааыа N ee nhs a TT sa od 
| JA Pd = ~ чалы е еа САМ Ey. pa ae D KM, wer =; UE con ds LER M m LOCA P ara, m^ wr T urere ER c. Cmm m A e ee qm 
" C qu Б Li e vus ^R ا‎ E OS 2 = B ware ы m шн 、 ~ ы "és ME PE HJ JM SEC nep 
TT UMP cA ЧА aen See we. "i cron Pr Eg Tv Bee, I E p aa ылы oe vera 
Poil а — Шыл de M КҮ; 3 > Artur ARP r aa DIL He A E aet тар е Нар, disini c e oo irt 
(vw omm c ыл Кы А o (M a4 uw pesos | LIS NOE ч "a D" Й T 5 TE, Prae. d ыыы a me I .. تي‎ e 
A ИЕ ster Re ie twee ae ا‎ NE: а: Cur ee Е Ex edet ا‎ E ER ھر‎ se а - 2 ans. a ae = И ылыы O a зек دا و کر کک‎ om 
RER ee н Seog cio °< ا‎ A а а > s А = eas au ~ A Е pm ^ ш A ы i» (Mim A cr rf uti ees S O A po ра зы ль, ok a A 
ee ВИ nen... * ea M X E SN d я ой. s = y D — ма аал > ^ > " = E е $ N „ЖЫ LN "EM = < 一 + ins RE LN ne ЫГ 7 
ыы ы ыыы Per Bd -‹ ОС 2 ehe аа. LO hela A у БЕ оні E i = we. و ا‎ А AL E 2 N ae UC TES = dr ee 
araja na AS ol queo ан ` М ur. M Fanja 如 Jm. ‚Дый ER . èm n f "s i. IE E E DE - 3 a at Pat id "P ATA e er HAS de RE р کو‎ к 
A En Eh =з чә + pa ам x m A SP a M dere. = " Р vo ә. RL 2 Eu PNE u a He ET ше cae Eger да ot gate 
кА uL d MP EPOR Pet 一 N лыы „ы; 所 Hie Pu misa: m P rye = " ES Ызы e ed A de arity ря LUE pur E ER E ~ mekt mm 
ее - е НАН им à 2 А Зы ق‎ та eo ее о оС. 
I 1 " A es mic se MÀ x Кы e Р, ^ ow P 7 р E алар Y о MP PPP * tao, dl boil dtd e E E I ME CT E 
» е x Ciera eee ros e " En US o - NA a e л а DIEN Lx uc fn nı vm iure ep т ен о 
= 1 E | C PA Prete > FE 5 MR EAE Mrd dor LT DA a Sn 
A = Р, ES «> E 2/4 m Ss “wate - e, e E e tr DE ые, ТРЕ ЫА А түн e 
Ы > — a „ыл КТЕР Р А * Er Dep ee NC E А E - we +. ы = а с ранЩ ае ^» 
О м م‎ E مه‎ y ~ E st Po mem س‎ A AO 5 d Al e ds A ETA a а, E M. I S aud d rn. n 
"m" г ww. E + н E E > = Pec “= = = © a re ES ¥ wore SM a madri ооо слрезый * c > 
— m ES" hw мн CS EL "ы Ад Е = ЗИ LIA LLL RM ad ec cow gp xw - Ц 
wer ә» E A E - E te tÅ an А „ 4 di à ы ы 
= А РЕ А درا“‎ wm L 4 了 > =$ 
D а n EA LE А m Y P g AA Fee 
А " == > 





DUT! = renin tines "Y 


VAL GR^GUATE SCHOOL 
MON CA э ГАИ 01 





в 





Copyright 
by 
Mark Edward Wiersma 


1995 





STANDARDS AND BENCHMARK TESTS 
FOR EVALUATING LARGE SCALE MANIPULATORS 


WITH CONSTRUCTION APPLICATIONS 


by 


Mark Edward Wiersma 


Report 
Presented to the Faculty of the Graduate School 
of The University of Texas at Austin 
in Partial Fulfillment 
of the Requirements 


for the Degree of 


Master of Science in Engineering 


The University of Texas at Austin 


December 1995 





a "^i = 全 AT - SCHOOL 
MC 
STANDARDS AND BENCHMARK TESTS FOR 
EVALUATING LARGE SCALE MANIPULATORS WITH 


CONSTRUCTION APPLICATIONS 





Dedicated to the Advancement of Construction Automation 


m 





ACKNOWLEDGMENTS 


I would like to thank my new found friends and colleagues for providing 
guidance, help and companionship over the past year. I particularly want to thank 
my professors for providing the information to make my education possible. And 
finally, Dr. Alfred Traver who made this report a reality so that I could graduate 


on time. To all I say thanks. 


V 





ABSTRACT 


Standards and Benchmark Tests 
for Evaluating Large Scale Manipulators 
with Construction Applications 
by 
Mark Edward Wiersma, M.S.E. 
The University of Texas at Austin, 1995 
COSUPERVISOR: Alfred E. Traver 


COSUPERVISOR: Carl T. Haas 


New applications of large scale manipulators for construction are 
continually emerging and making them multi-functional construction machines. 
This report presents a set of meaningful benchmark tests to gauge the overall static 
and dynamic performance of different large scale manipulators in order to achieve 
a means of relative comparison. The most important static and dynamic 
performance criteria are defined and a method provided for evaluating them. 

The report reviews the application of human factors engineering to large 
scale manipulator acquired by The University of Texas. Furthermore, a method is 


presented to quantify potential improvements to the human-machine interface. 
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СНАРТЕВ ОМЕ 


INTRODUCTION 


1.1 Background 

The construction industry is ready for the introduction of autonomous 
technology. In particular, large scale manipulators, for instance automated back 
hoes and rebar placement machines, have shown great promise in improving 
safety, productivity, quality of construction and environmental impact (Hsieh and 
Haas 1993). The Construction Automation Group at the University of Texas 


focuses on the development of such systems. 


1.1.1 Grove Pipe Manipulator 


The large scale manipulator, hereafter referred to as the Manipulator, 
owned by the University of Texas at Austin, was originally designed by DuPont as 
a crane attachment for the purpose of installing large bore piping. The designs 
were submitted to the Grove Manufacturing Company for construction and the 
“Pipe Manipulator” became a reality in 1980. Glass (Glass 1984) presents a 
complete description of the crane mounted, electrohydraulically controlled device. 

The initial expectations for the Manipulator were high. It was envisioned 


that the Manipulator would replace the smaller, but more versatile, “cherry picker” 





(15-ton crane) in the erection of large piping systems like those found at large 
chemical processing plants. After its debut, however, the Manipulator proved to 
be slow, difficult to control and uneconomical to operate. As a result, workers 
regarded the Manipulator as inferior to the “cherry picker” and left it abandoned 
on the job-site. Supporters of the Manipulator were reluctant to give up on their 
new apparatus and thus invited the University of Texas to conduct a study to 
assess its merits and deficiencies. Figure 1.1 shows the Manipulator mounted on a 


22 ton crane. 








Figure 1.1 - Crane-Mounted Pipe Manipulator 





1.1.2 Previous Manipulator Testing 


Glass (Glass 1984) was the first to conduct a complete assessment to 
ascertain the Manipulator's strengths and weaknesses. Conducted on the 
construction site of a new chemical plant in southeast Texas, Glass's investigations 
determined that the Manipulator was plagued with numerous design flaws which 
hindered its mobility, speed and overall economic performance when compared to 
the capabilities of the "cherry picker". He further concluded that the control 
system was a primary contributing factor by reason of its number of control levers 
and their location, an operator basket fastened directly to the machine. Since the 
gravity leveling operator basket was mounted together with the Manipulator, slow 
arm movements were imperative for providing a safe ride for the operator. This 
suggests that the Manipulator was inherently slow for a reason. In addition, the 
eight control levers, necessary for controlling the Manipulator's eight degrees-of- 
freedom, often left the operator hesitating to determine proper maneuvering 
sequences to optimize performance. Amongst Glass's conclusions are the 
recommendations for removing the operator basket from the support frame and 
replacing the existing control levers with “joy-stick” controls. Future research and 
design would heed these recommendations. 

Hughes (Hughes 1990) hypothesized “that the Manipulator will compete 


with a conventional crane in pipe spool erection cost, by use of a simple improved 





teleoperator interface for arm control". Hughes' research culminated in the 
development of an entirely new man-machine interface with ergosticks serving as 
the controller. In designing a teleoperated controller, he also removed the controls 
from the operator basket allowing the operator to select his position anywhere 
within the range of a tether of control cables (approximately length 100 ft.). 

To validate his hypothesis, Hughes contrived a test scheme fundamentally 
similar to the one used by Glass. Although the test was a simple pick-and-place 
scenario (Fisher 1989), it represented the first attempt at creating a benchmark to 
compare control schemes. Since his tests were performed in a laydown yard with 
inexperienced operators, Hughes compared his data to Glass’ only after applying a 
“time productivity transformation equation” (Hughes 1990, pp. 120). This 
equation corrected: 

1) The simplification of the pipe rack compared to the chemical plant 

configuration; 

2) The inexperience of Hughes’ volunteers; 

3) The remote location of the control box removed from the operator 

basket. 
In essence, Hughes used Glass’ statistics as a benchmark to conclude whether his 
ergostick interface controller was an improvement over Groves’ levers. He 


concluded it was not. 





Thomas (Thomas 1995) continued to seek a more advanced controller that 
would increase the Manipulator's productivity. His research concluded with the 
purchase of a six degree-of-freedom optical force and torque sensor Dimension 6 
Geometry Ball manufactured by CIS Graphics, Inc. The new controller was 
installed and tested for functionality. Up to this time no formal benchmark tests 
have been performed. 

In addition to his controller research, Thomas moved the Manipulator into 
the controlled confines of the Construction Automation Lab. His design of a 
"cantilevered space frame" as a new Manipulator mount has made future 
development a more efficient and pleasant task. It is important to notice, however, 
that removing the Manipulator from the crane mount reduces the number of 
degrees-of-freedom from eight to six. Lab tests will be performed without the 
extendibility of the crane, thus reducing the scope of the overall analysis. Figure 


1.2 shows the new Manipulator configuration. 








Figure 1.2 - Manipulator Mounted on Cantilevered Space Frame 


1.2 Research Objectives 


New applications of large scale manipulators for construction are 
continually emerging and making them multi-functional construction machines. 


The objective of this report is to provide a set of meaningful benchmark tests to 





gauge the overall static and dynamic performance of different large scale 
manipulators in order to provide a means of relative comparison. The areas of 
performance measures, human factors, statistical analysis and benchmark tests for 


large scale manipulators are investigated. 


1.2.1 Performance Measures 

Today, a large variety of Manipulators are employed for many different 
uses ranging from the manufacturing assembly line to the construction site. 
Because such a vast assortment of Manipulators with diverse uses and shapes 
exists, standardizing specifications is difficult. However, there are certain 
qualifications which, all else being equal, permit Manipulators of similar type, size 
and function to be compared. This report reviews various methods of 
performance qualification for large scale manipulators for the purpose of 


ascertaining physical specifications. 


1.2.2 Human Influence Analysis 


A common paradox encountered in advancing control technology is the 
development of new systems that can potentially overwhelm their human 
operators. Since the human operator plays a vital role in the performance of the 


Manipulator, human factors cannot be over looked. System efficiency will remain 





as dependent upon the capabilities of the operator as it does upon the capabilities 
of the Manipulator and its human-machine interface. The application of human 
factors engineering to the Manipulator is examined. In addition, a method to 


quantify potential improvements to the human-machine interface is presented. 


1.2.3 Applying Statistical Analysis 


This report examines the statistical methods for determining the probability 
that the Manipulator will achieve a desired target within a calculated standard 
deviation. The formulas for computing position accuracy, repeatability and there 


respective standard deviations are reviewed for both static and path-related output. 


1.2.4 Benchmark Tests for the Large Scale Manipulator 


This report will define the benchmark test procedures for evaluating the 
performance criteria of large scale manipulators. The performance tests presented 
in this report are based on the American National Standard for Point-to-Point 
(Static) Performance and for Path-Related (Dynamic) Performance evaluations for 
industrial robots and robot systems. The performance criteria are accuracy, 
repeatability, cycle time, overshoot, settling time, relative path accuracy, path 
repeatability, path speed characteristics and cornering overshoot. Methods of 


measuring the performance criteria are not discussed in this report. 





CHAPTER TWO 


PERFORMANCE MEASURES 


This chapter reviews various methods of performance qualification for 
large scale construction Manipulators for the purpose of ascertaining physical 
specifications. There are several reasons for performance specifications: 

e selecting a machine for a given task; 

e planning work so that tasks fall within the capabilities of a given 

machine; 

e setting goals for new equipment; 

e generating benchmarks to gauge performance parameters of different 

machines, systems and techniques. 

Today, a large variety of Manipulators are employed for many different 
uses ranging from the manufacturing assembly line to the construction site. 
Because such a vast assortment of Manipulators with diverse uses and shapes 
exists, standardizing specifications is difficult. However, there are certain 
qualifications which, all else being equal, permit Manipulators of similar type, size 


and function to be compared. The following sections define these qualifications. 





2.1 Static vs. Dynamic Outputs 


Output is the response of the Manipulator to input commands. 

Output is a specified movement or application of force to an object, and can be 
either static or dynamic in nature. 

Static output results when the Manipulator approaches a target point and is 
held in a fixed position. Rebar and pipe placement are just two examples of static 
output. The important performance measure is the final position of the end- 
effector and its payload. In the absence of obstruction, the path followed by the 
end-effector in the performance of the task is irrelevant. Static outputs are much 
easier to measure since the outcome is not in motion. 

Dynamic output, in contrast, results when the Manipulator follows a 
specified path. Evaluation of dynamic output is more difficult because it entails 
continuous measurement of the end-effector position during the execution phase. 


Tracking and surface following are two examples of dynamic outputs. 


2.2 Accuracy 


Accuracy is the measure of the difference between the desired output and 
the achieved output when there is no memory of previously performed tasks. The 


expected error of the output about the mean achieved output when added to the 


10 





mean accuracy represents some degree of confidence of the accuracy (Colson 
1984). 

There are two types of accuracy, absolute and relative. They differ only in 
their frames of reference. Absolute accuracy is measured relative to the 
Manipulator's base coordinate system. Figure 2.1 illustrates how absolute 


accuracy relates to the Manipulator's base coordinate system. 


Absolute Accuracy 


Desired 
Output 


Base Coordinate 
System 





Figure 2.1 - Absolute Accuracy 
Relative accuracy is measured from a previously achieved output. Relative 
accuracy occurs when a specified output 1s planned from some calibration point 
other than the base coordinate system. It is an especially important performance 


measure when working with tool jigs or when working from a benchmark on a 


11 





construction site. It is assumed that the relative accuracy of the Manipulator 1s 
adequate enough so that given a calibration point other than the base coordinate 
system, subsequent output can be determined with some level of confidence. 
Relative accuracy is the measure of accuracy of location points within the 
Manipulator's work space to a calibration point located within the work space. 


Figure 2.2 illustrates the concept of relative accuracy. 


Calibration Achieved 
Output 


Desired 
Base Coordinate Output 
System 





Figure 2.2 - Relative Accuracy 


2.3 Repeatability 


Repeatability is the measure of how closely the achieved output clusters 
about its mean. Todd (Todd 1986) illustrates the difference between repeatability 


and accuracy in the Figure 2.3. 





In the target analogy of Figure 2.3, each dot represents an attempt to 
achieve the desired output, in this case, hitting the cross-hairs on the target. The 
size of the dot cluster represents the measure of repeatability and the closeness of 
the center of the cluster represents the accuracy. It is clear from this figure that it 
is possible to obtain a high level of repeatability without being accurate. It is 


important to note the difference between accuracy and repeatability. 


low accuracy, high accuracy, 
low repeatability low repeatability 


low accuracy, high accuracy, 
high repeatability high repeatability 





Figure 2.3 - Accuracy vs. Repeatability (Todd 1986) 
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Repeatability is a very powerful benefit to an autonomous Manipulator. It 
denotes the ability to repeat programmed outputs consistently. Repeatability is 
more valuable than accuracy; if the error is constant, accuracy can always be 
corrected. For these reasons, repeatability is often considered more meaningful 


performance measure than accuracy. 


2.4 Resolution 

The capability of feedback devices (encoders) in coordination with the 
control system in determining the locality of the end-effector and its calibration 
point determines the resolution of the Manipulator. In broader terms, Wodinski 
(Wodinski 1987) defines resolution as the measure of the smallest possible 
increment of change in the variable output of a device or position sensors. 

Although resolution is ultimately determined by the capabilities of the 
system's actuators and components, to the user it is simply the minimum 
consistently commandable output that is measurable at the end-effector. 
Resolution comprises both position and orientation of the Manipulator's end- 
effector. 

Resolution has some degree of impact on the teach-and-repeat capabilities 
of the Manipulator, such as teaching the Manipulator to place a cylindrical bar into 


a round hole. If the tolerance of the bar and hole fit 1s smaller than the resolution 
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of the Manipulator system, then insertion of the bar into the hole may never be 
possible. Fortunately there are many construction applications for which high 


tolerance specifications are not required. 


2.5 Celerity 


There are two primary performance criteria associated with the speed of 
the Manipulator. One is economic and the other kinematic. Performance 
specifications provided by the manufacturer almost always include speed. The 
engineer embarked on the advancement of the Manipulator's capabilities must 
often evaluate the machine's swiftness and speed in economic terms. Engelberger 
(Engelberger, 1980), a pioneer in robotics research, writes “no matter what the 
social benefits are, no matter how clever the technology, no matter how pretty the 
robot 1s to watch, every proposed investment in robotics has to pass the test of 
critical financial appraisal." Perhaps financial performance is the toughest test of 
all. The most brilliant innovations are failures if they lose money or even if they 
cannot provide an attractive return for the investor. In theory, at least all money is 
competing for the highest possible return. 

Glass (Glass 1984) measured the performance of the prototype Grove 
"Pipe Manipulator" by comparing its operating cost efficiency to that of the 


incumbent “cherry picker.” Unfortunately for Grove and DuPont, the “cherry 
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picker" was the better performer and the Manipulator was taken off the jobsite and 
given to the University for further research and development. 

Hughes (Hughes 1989), after devising a new control scheme, proceeded 
with the same economic analysis methods. He knew that replication of the original 
test procedure was essential for comparison and ultimately to validate his 
hypothesis. 

In order to properly evaluate the Manipulator's improved control 
characteristics, it 1s essential to relate new benchmark tests to the previously used 
economic ones. This is the only way to quantify performance improvements. 
Hughes accomplished this by applying a "productivity transformation equation" to 
his results to enable a comparison of the present and past. Likewise, such 
transformations offer the opportunity to arrive at the wrong conclusion if not done 
carefully. 

From a kinematic standpoint, both velocity and acceleration will have 
important impacts upon the rate of performance of the Manipulator. Because 
cycle time is of substantial concern for the applications engineer, benchmarks for 
the maximum speed of each degree-of-freedom will be important. Appleton and 
Williams (Appleton and Williams 1987) suggest the following: 

One approach that 1s useful for comparison purposes is to define a 
test cycle and measure the total travel time. The test cycle should be 
repeated a number of times and a mean and standard deviation determined 


for the cycle time. Within a simple trajectory it might also be useful to 
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know the speed variation, the mean speed and the average speed, all of 
which are useful for building up theoretically predicted cycle times. 


Maximum and minimum accelerations will be important for end-effector 
design. This information is necessary for determining the forces required to hold 
items securely to avoid slippage during handling operations. 

Finally, it is important to bear in mind that the speed of the Manipulator 
during unconstrained point to point movement will be faster than during 
continuous path control movements necessary during tracking and surface 
following. The control of speed and the control of position are intimately related 


for path following applications. 


2.6 Overshoot and Settling Time 


In robotics ANSI defines overshoot as the “largest distance of overtravel 
past the target position along the direction of motion after the robot is within a 
settling bandwidth (+5)? S is the standard deviation and is defined later. 
Overshoot is predominate during “violent changes in direction and mass and 
during acceleration and deceleration.” (Warnecke et al. 1985) Cornering 
overshoot is defined by ANSI as the largest deviation outside of the reference path 


after the Manipulator has passed” the corner. 





Settling time is “a period of time required for the robot to remain within a 
limit (+S) from the target point after a move command is executed. Sometimes 
settling time is called oscillation. Settling time is measured as the elapsed time 
Starting from initial crossing into the limit band to the last point that is outside this 


limit.” Overshoot and settling time are shown in Figure 2.4. 


Overshoot 
steady state error 


Actual Position 


desired pose 


Noe eat 


(steady state response) 


settling time 





Figure 2.4 - Overshoot and Settling Time (ANSI/RIA R15.05-1 90) 


Overshoot should be measured to quantify the Manipulator’s capability to 
make smooth and accurate stops at target points. This is an important 
performance measure during applications involving large inertias, high speeds or 


frequent stops. Settling time should be measured to quantify how quickly the 
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Manipulator can stop at a target point. Overshoot and settling time are related 
parameters. Note both overshoot and settling time depend not only on the mass 
distribution of the Manipulator but also on the mass distribution of the payload. 
ANSUVRIA 15.01-1 90 outlines the American National Standards for 
measuring overshoot and settling for industrial robots and robot systems. 


ANSI/RIA 15.01-2 92 outlines the standards for measuring cornering overshoot. 


2.7 Compliance 


Static compliance is the amount of elastic deflection of the Manipulator 
under a static force. ANSIRIA 15.01-1 90 outlines a method for measuring the 
three principal compliance components along a robot's base coordinate system. 
Both torsional compliance and coupling effects are excluded. 

Dynamic values (frequency, damping, amplitude, phase) are also important 


design criteria. Here modal analysis is a useful tool for Manipulator design. 


2.8 Sensitivity 


Specific sensitivities important to the Manipulator are payload, direction of 
approach, temperature and geometry properties. All of these factors influence the 


accuracy, repeatability and resolution of the Manipulator system. 
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2.8.1 Payload 


Payload refers to the item handled alone and does not include the end- 
effector or arm, which is considered part on the Manipulator. Ifthe arm has 
multiple end-effector attachments, each attachment should be benchmarked 
separately because of weight and functionality differences. The effect of payload is 
complicated by the fact that it depends not only on the mass of the payload but 


also on the mass distribution and orientation. 


я LS‏ + ر 


The inertia of the Manipulator-payload system will have substantial impact 
upon overshoot and oscillation. System inertia is dependent upon the 
instantaneous payload position or the load and end-effector position at anytime 
given instant. System damping is critical to attaining targets with minimal 
overshoot and settling time. 

Since loading affects speed, accuracy and resolution, various loading 
conditions must be benchmarked. Appleton and Williams (Appleton and Williams 
1987) recommend testing at 0, 50 and 100% of maximum payload and at 20, 50, 


or 100% of speed available. 
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2.8.2 Direction of Approach 


One of the hindering design points discovered by Glass (Glass 1984) on the 
original Grove "Pipe Manipulator" was limiting movement parameters. He 
observed that the pivoting, booming, and telescoping characteristics of the 
Manipulator limited its productivity and usefulness. These conditions made the 
Manipulator very sensitive to the direction of approach chosen by the operator. 

Consider putting a round peg in a round hole as illustrated in figure 2.4. 
This figure clearly demonstrates the sensitivity associated with direction of 


approach of a kind encountered in autonomous Manipulators. 





Figure 2.5 - Peg in a Hole Problem (Appleton and Williams 1987) 
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2.8.3 Temperature 


Hydraulic systems, especially those used in heavy equipment, suffer from 
the influence of heat. In hydraulic equipment such as the Manipulator, oil is 
pressurized and released as it circulates through the system. Heat is generated and 
the oil temperature rises. Some of this heat is gradually transferred to the 
structure and joints and serves to raise the temperature of the machine 
components. 

Gradual heat build up affects the feedback system, causing overall 
positional drift. Procedures should be implemented to reach a stable operating 
temperature quickly and remain there. Sufficient time must be allowed for warm 
up before testing commences. Care should be taken to maintain temperatures 


during stoppages. 


2.8.4 Geometry Properties 


Figure 2.5 illustrates that geometry sensitivity often plays a role in 
accentuating or attenuating position errors. Revolute joints such as the one 


depicted in the Figure 2.5 tend to be greater sources of errors than prismatic joints. 
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positional error 
with arm retracted 


angle error 


positional error 
with arm extended 





Figure 2.6 - Sensitivity of Extended Arm (Todd 1986) 
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СНАРТЕВ ТНВЕЕ 


HUMAN INFLUENCE ANALYSIS 


3.1 Human Factors Engineering 


Human factors engineering is the study of new technological products and 
the people who make them work. Adams (Adams 1989) provides a more formal 
definition: 

The field of human factors engineering uses scientific knowledge about 

human behavior in specifying the design and use of a human-machine 


system. The aim is to improve system efficiency by minimizing human 
error. 


The United States government played a key role in the evolution of human factors 
research. During World War II, engineering systems became increasingly complex 
and compelled the government to establish new test centers at Wright-Patterson 
and Brooks Air Force Bases. More recently, human factors engineering, referred 
to by some as ergonomics, has become even more important with more and more 


utilization of state-of-the-art microprocessor control technology. 


Today’s technological advancements continue to expand the performance 
envelope of machines and machine systems at an unprecedented rate. 


Unfortunately, these advancements come with a rather hefty price tag. Moreover, 
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accompanying these high tech and high cost components is the disadvantage of 
complexity. This is important to note since "the need for human factors 
engineering grows in direct relationship to complexity of the man-machine 
systems." (Olex et al. 1983). 

А соттоп paradox encountered in advancing technologies is the 
development of new systems that can be exceptionally difficult to use and even 
overwhelm their human operators. Since the human operator plays a vital role in 
the performance of the Manipulator, human factors cannot be over looked. 
System efficiency will remain as dependent upon the capabilities of the operator as 
it does upon the capabilities of the Manipulator and its control system. 

Human factors engineering also considers the social and motivational 
issues in the analysis, design, implementation, control and operation of the 
Manipulator. However, these topics are beyond the scope of this report. The 
reader is referred to Graham (Graham 1991), Adams (Adams 1989) or Sanders 


(Sanders et al. 1993) for further information. 


3.2 Human Factors and the Manipulator 


Glass (Glass 1984) observed that the Manipulator's eight control levers, 
necessary for controlling the Manipulator's eight degrees-of-freedom, often left 


the operator hesitating to determine proper maneuvering sequences to optimize 
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performance. Consequently, Dupont had a pipe manipulating machine that was 
very difficult to control efficiently. But, more importantly, when compared to the 
less expensive "cherry picker’, the “Pipe Manipulator” was found too 
uneconomical to operate. Both had similar operating costs but the duty cycle of 
the “Pipe Manipulator’ was too low and required a large active site to stay busy. 
When not busy moving pipe, the retention of the crane function would have 
increased the “Pipe Manipulator’s” flexibility and usefulness. Although Glass 
observed other design factors that hindered performance of the prototype machine, 
control has been a primary focus for the University of Texas Construction 
Automation Lab. 

Hughes (Hughes 1990) chose the man-machine interface as his topic of 
research since better control would correct “intolerably slow and clumsy 
operation." He envisioned the Manipulator as a tool to be used by a craftsworker 
without any particular heavy equipment training. He also believed that new 
controls would provide a path for continued advancement to higher levels of 
automation. 

The possibility always exists, however, of designing an autonomous 
Manipulator too complex for the average user to efficiently operate. This, of 
course, defeats the purpose of creating a better, more powerful control system. 


Recent undertakings to improve the Manipulator control system include Hughes’ 
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(Hughes 1990) "ergosticks" and more recently, Thomas' (Thomas 1995) 
Dimension 6 Geometry Ball. These efforts have focused on teleoperated control, 
were the human operator guides the Manipulator through a joystick or similar 
device. Clearly the human operator remains an integral part of the control loop. 

There are a number of human issues that need investigating in order to 
improve the human-Manipulator interface. These include, but are not limited to, 
the following: 

e safety (always the first priority), 

e perceptual limitations of the human operator including visibility and 

dexterity, 

e operator training, 

e software interface design, 

e robustness of design, 

e discriminability of controls and control axes. 

The anticipated outcome of applying human factors engineering is simple. 
When applied effectively it should increase the compatibility of the human operator 
with the Manipulator control system. This approach does not increase the overall 
capability of the system, but makes it more user friendly. The end result is a 


machine easier to operate for the human user. Perhaps then the “cherry picker” 
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will become the obsolete piece of construction equipment Glass (Glass 1984) 


predicted. 


3.3 Human Factors Tests of the Manipulator 


Hughes (Hughes 1990) performed a series of simple tests to validate his 
hypothesis that the Manipulator will compete with a "cherry picker" in pipe 
erection cost. In these tests, a set of operators erected pipe using the Manipulator 
in a simulated plant environment. The experimental variable was task completion 
time. His "ergosticks" open loop rate interface time was the test variable and the 
Grove interface time was the control. Other measurements consisted of all 
operator inputs and Manipulator main boom positions versus time. 

The tests performed were simple but effective. Four inch plastic pipe was 
picked up from a lay down area at ground level and placed on an elevated pipe 
rack. Figure 3.1 illustrates the test layout. 

During the execution of these tests, Hughes made some interesting 
discoveries about the human factors associated with his new controller. He 
explains in detail the problems associated with operator vision during 
teleoperation. Among his findings was that translational and angular alignment of 
the Manipulator jaws from a remote command site had certain affixed human 


limitations. Accurate pick and placement of the pipe was dependent upon the 
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operator's depth perception at a distance of 40 feet. 


Operator 
Observer 


Pick position 





Figure 3.1 - Hughes' Validation Test Arrangement 
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In addition, general observances regarding the “ergosticks” from the test 
operators summarized repeated confusion between control axes, neutral positions 
were not firm enough and control arms were uncomfortable/wrong height. In 
contrast, the Grove controls seemed complicated and difficult to distinguish during 
lifting operations. He concluded that close attention must be paid to the location 
of the controls and the tasks of the Manipulator operator. It is not surprising that 
these observations are associated with human factors. 

Testing is important for validating and quantifying any design 
improvement. Hughes’ tests were simple to set up and run, and represented a 


typical task regularly performed on construction sites. 


3.4 The Learning Curve 
Nof (Nof, 1985) describes learning “as the process by which the time or 
the cost per cycle decreases as the number of performed, repetitive cycles 
increases." The learning process has been observed in humans to follow the 
typical learning curve given by the equation: 
T(n) = T(I) x n^ 
where: T — time (or cost) per cycle 
T(1) = time (or cost) of the first cycle 


п = the number of cycles performed 
A = an improvement constant, determined by the learning rate. 
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Figure 3.2 shows a typical learning curve. 


T(1) 


T(S) cycle time (cost) 


cycle number 





Figure 3.2 - The Learning Curve (Nof 1985) 

The main factors 1n human learning are (Nof 1985): 

1. person's age; 

2. the amount of previous experience in learning; 

3. personal physical and psychological capabilities; 

4. thejob complexity in terms of cycle length, amount of uncertainty, and 

degree of similarity to previous jobs. 
Now we can describe mathematically the learning curve associated with each new 
control system tested. 

Hughes' recorded the average erection time versus the first, second and 


third pipe spool erected for each interface configuration (Grove and “ergosticks’’). 
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Hughes' Test Results 


Erection | Pipe Spool 
time (sec) | Number 





245 1 

240 2 "Ergosticks" 
202 3 

300 ] 

215 2 Grove 

225 3 


The graph is shown in Figure 3.3. 
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Figure 3.3 - Learning Curve for Hughes” Pipe Spool Erection Test 
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Note that smoother curves can be attained by obtaining more data and 
curve fitting the results as shown in Figure 3.1. It is clear from this graph that 
both curves are nearly flat. This is an indicator of the difficulty in operating each 
system. 

By performing the identical test on new control systems, we can directly 
compare the curves (old versus new) and quantify, both numerically and 
graphically, the improvement associated with each new control system. The 
"steepness" of the learning curve will be the indicator of the operator's ability to 


learn the system. The "steeper" the curve the quicker it is to learn. 
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CHAPTER FOUR 


APPLYING STATISTICAL ANALYSIS 


Statistics is a science for analyzing data to ascertain errors, precision, and 
general validity of experimental measurements. One of the major branches of 
Statistics is probability. Probability provides tools and methods for describing 
random variations in a system. 

This chapter will examine the statistical methods for determining the 
probability that the Manipulator will achieve a desired target within a calculated 
standard deviation. The formulas for computing position accuracy, repeatability 
and their respective standard deviations will be reviewed for both static and path- 
related output. But first, we shall briefly review the various sources of error that 


hinder performance. 


4.1 Error Types 


Inherent in the Manipulator are various sources of error that adversely 
affect its accuracy and repeatability performance. Improving the Manipulator's 
performance will require understanding these sources. The factors that influence 
performance are categorized as geometric, nongeometric, or dynamic in nature 


(Hudgens and Tesar, 1992). A brief description of each is given below: 
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e Geometric factors are essentially state independent constants that 
define the static input/output relationship between desired output 
coordinates and Manipulator achieved coordinates. These error 
sources include: kinematic parameter error, Manipulator placement 


error, encoder resolution, gear error, etc. 


e Nongeometric factors are dependent upon load and environmental 
conditions and affect the kinematic input/output connection of the 
system. These errors include: compliance, gravity, backlash, 


temperature, etc. 


e Dynamic factors affect the higher order performance of the 
Manipulator and are also state dependent. These errors include: 


inertia, friction, vibration, control system dynamics, etc. 


Together these sources of error make it impossible for the Manipulator to achieve 
desired outputs exactly. 
The robotics community employs several performance enhancement 


solution techniques to improve industrial robot performance. These techniques 
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are categorized as (1) design, (2) sensing, or (3) control (Hudgen and Tesar, 
1992). Design solutions are based on improvements in robot construction such as 
employing higher manufacturing tolerances or designing lighter and stiffer 
components. This is perhaps a long term solution for future Manipulators but not 
applicable to our current version. Sensor enhancement solutions use an external 
sensing system to eliminate error by adjusting joint feedback signals. This is very 
expensive and not practical for the Manipulator. Finally, the control enhancement 
solutions typically implement standard independent-axis PID (Proportional 
Integral Derivative) control strategies. Although this solution is more 
economical, the level of sophistication might prohibit its use on the Manipulator. 
Whether the Manipulator will need a performance enhancement boost will 
depend upon the statistical data collected from performance testing The next 
section describes the statistical analysis presented in ANSI/RIA 15.05-2 90 and 


92. 
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4.2 Statistical Formulas 

The following statistical formulas have been defined by ANSI to quantify 
the static and path performance criteria of Robots. This report will apply the 
same performance criteria to the Manipulator. 

Position accuracy is a statistical measure of the spatial deviation between 
commanded and achieved Manipulator positions. It is the measured difference 
between the commanded pose and the attained pose of the Manipulator. Here 
pose is defined as a position and orientation in space. The magnitude of the 


accuracy deviation (d,) at the ith position is given by: 


a и 27 EAS 


al C1 al 


where Xai, Yai and Za; are the coordinates of the attained pose at the ¡th 
measurement and X.;, Y.; and Z,; are the corresponding commanded pose 


coordinates. 


4.2.1 Static Accuracy 


The two statistical measures for static accuracy are mean and standard 


deviation. The mean position accuracy (d, ) is given by: 


And its standard deviation (Spa)is: 
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where N is the total number of measurements. For engineering experiments, 
Holman (Holman 1984) maintains that it is desirable to use at least 20 
measurements in order to obtain reliable estimates. ANSI suggests at least 50 


measurements for testing robotic systems. 


4.2.2 Path Accuracy 


ANSI defines path accuracy as the measurement of the distance between a 
reference path and any given attained path. Two types of path accuracy, relative 
and absolute, are presented in ANSI/RIA 15.05-2 92. They differ only in the 
definition of the reference path used to compute deviations. However, ANSI 
recommends using the relative path type because this approach simplifies the 
necessary measurement methods. Nevertheless, the following formulas apply 
regardless of which type is used. The relative path accuracy test, and all other 
tests, will be outlined in chapter five. 

The two statistical measures for path accuracy are maximum and average 
deviation. ANSI defines maximum deviation (AC) as the maximum distance 
between any given path and the corresponding reference path. The magnitude of 


the maximum deviation of the worst path (ACggr) is given by: 
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AC pg, = max max J(U., ео 
where n is the number of measurement cycles (minimum of 10), (O, , Va, ) are the 


coordinates of the attained path and (U, , V, ) the coordinates of the reference 


path for the ith cycle and jth evaluation point. See Figure 4.1. 


ij th point 


Reference Path 
Attained Path 
ij th Point 





Figure 4.1 - Path Accuracy Definition (ANSI/RIA R15.05-2 92) 
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The average deviation is the average of the distances between any given 
attained path and the corresponding reference path. The magnitude of the 


average relative path accuracy (AC, ) is calculated as follows: 


AC pg, = 


>》 
j=l 





TT 2 X7 2 
(O, -U, Y +(V, -V, Y, 


3|- 


where (U, , V, ) are the coordinates defined by: 


4.2.3 Static Repeatability 

ANSI defines static repeatability as the measure of deviations between 
achieved output and the mean of the output after commanding the Manipulator to 
the same pose n times from the same direction. This test will measure the 
Manipulator's unidirectional repeatability. Omnidirectional repeatability is the 
measure of repeatability when the Manipulator approaches from different 
directions. 

Three measurement locations are used in the test and the arithmetic mean 


must be calculated at all three locations before calculating the mean and standard 


deviation of repeatability. The mean is given by: 
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Where (a,b,c); are the three measurement locations for the ith cycle for a total of 

n cycles. ANSI suggests completing five hundred cycles after system stabilization 
has occurred. Seventy-five to one hundred cycles would be more appropriate for 
the Manipulator. 


The deviation (@) for each measurement 1s determined by the equation: 





Y 2 X 2 7 2 
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(abc) 


Thus, the total mean repeatability (d,-,) is: 
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Now, the standard deviation (Srep) can be computed from: 
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4.2.4 Path Repeatability 


ANSI defines path repeatability as the measure of the closeness between 
multiple paths. The statistical data calculated for path repeatability is same as 
relative path accuracy except that dynamic path repeatability uses a reference path 
that 1s the average of a path traversed n times. ANSI recommends completing a 
minimum of ten (n = 10) path cycles. 

Path repeatability is a scalar value that represents the magnitude of the 
deviations in a given evaluation plane (defined in Section 5.2.7). These deviations 
are measured in the coordinate system of the evaluation plane (see Figure 4.2). 


The path deviation (D) is given by: 


D Е VU, -U, Y + (Va, - У.) 


The maximum path repeatability (PR) is: 


m n 
РК = max max D, . 
]=1 i=] 


And the average path repeatability (PR) is: 


PR= max SD | 


ja n i] y 
Again, m is the number of evaluation points (j), n is the number of measured 


cycles (I) and (U, Y are the coordinates defined by: 
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Figure 4.2 - Projection of Attained Path onto Evaluation Plane 
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4.3 Probability Distribution 


Repeatability is necessary for reliable replication of motion sequences that 
are taught on-line. Repeatability is a relative measure of precision. However, for 
the reasons mentioned earlier, the Manipulator can never be expected to reach the 
target point exactly. The Manipulator actually achieves a range of positions some 
distance from the target. It is reasonable to expect that, over numerous attempts 
to hit a target, the actual output achieved will form a known statistical 
distribution. 

Figure 4.3 illustrates the concept of probability distribution. This figure 
displays how the probability of achieving a desired output is distributed over a 
distance x. Each value of the ordinate p(x) gives the probability that the output 
will succeed in achieving a random position x. Probability distributions are an 
effective tool used to describe repeatability characteristics. 

The most commonly used probability distribution used to interpret 
repeatability characteristics is the normal or Gaussian distribution. The equation 


for this distribution 1s: 


P(x) = в. = e C925 ; | 


Sy 27 


where X is the arithmetic mean and S is the standard deviation as previously 


discussed. 
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Figure 4.3 - Probability Distribution of Output 
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Figure 4.4 provides further illustration of the importance the probability 
distribution has on characterizing Manipulator output. Firstly, the original point 
taught to the Manipulator will not necessarily be the arithmetic mean. The 
position of the mean will be influenced by the manner in which the target was 
originally taught and later approached. Consequently, two distribution curves 
result from the two different directions of approach. 

Secondly, with the use of probability distributions, it is possible to 
determine the likelihood that certain achieved outputs will fall within a specified 
deviation from the mean of the output. Calculating the probability that an output 
will fall within one, two and three standard deviations (S) of the mean will result 
in 68.27%, 95.45% and 99.73% respectively. Hence, it is possible to 
superimpose positional tolerances such that 99.73% of the output will fall within a 
specified band. Many robot suppliers often quote the width of this band as the 
repeatability of their robot (Appleton 1986). 

And finally, the distance between the LHS and RHS distributions is called 
the mean hysteresis range, and the distance between three standard deviations 1s 
called the mean position variance. Care must be taken when programming the 
Manipulator to ensure that taught points are approached from the same direction 
(unidirectional repeatability). Use of a safe, approximate stand off point followed 


by a slow approach to the target will reduce the effects of mean position variance. 
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Figure 4.4 - Repeatability Characteristics (Appleton 1987) 
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CHAPTER FIVE 


BENCHMARK TESTS FOR THE LARGE SCALE MANIPULATOR 


The intent of this chapter is to define the benchmark test procedures for 
evaluating the performance criteria of Chapter 2. Methods of measuring the 
performance criteria are not discussed in this report. The reader is referred to 
chapter eight of Knopf (Knopf and Tesar, 1994) for information concerning robot 
metrology equipment. 

The following performance tests are based on the American National 
Standard ANSI/RIA 15.01-1 90 for Point-to-Point and Static Performance and 
ANSVRIA 15.01-2 92 for Path-Related and Dynamic Performance evaluations for 
industrial robots and robot systems. The static performance criteria are: accuracy, 
repeatability, cycle time, overshoot and settling time. For dynamic performance 
the criteria are: relative path accuracy, path repeatability, path speed 
characteristics and cornering overshoot. ANSI feels that these criteria represent 
the best indication of the overall static and path-related performance of industrial 


robots. 
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5.1 Coordinate Systems 


This section establishes a common set of coordinate systems that describe 
the location of the Manipulator, end-effector and test data. 

S.1.1 World Coordinate System 

This coordinate system establishes a fixed frame of reference and is usually 
used to describe the workcell layout. This is a Cartesian coordinate system that 
consists of three translational coordinates (Xo, Yo,Zo) and three rotational 
coordinates (Ao,Bo,Co). The translational coordinates form a right-handed 
coordinate system with the +Zo direction collinear with but opposite in direction to 
the gravity vector. The rotational coordinates are defined such that Ao, Bo and Co 
rotate about the Xo, Yo and Zo axes respectively. Note that all rotation 


coordinates follow the right-hand rule convention (see Figure 5.1). 


5.1.2 Base Coordinate System 


The Base Coordinate System is used to establish the location of the 
Manipulator within the World Coordinate System. The Base Coordinate System 
defines the location of the standard test path and provides a frame of reference for 
recording test results. The Base Coordinate System is a Cartesian coordinate 
system that consists of three translational coordinates (X4, Y;,Zi) and three 


rotational coordinates (A,,B;,C,) comparable to the World Coordinate System. 
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Figure 5.1 - Coordinate Systems 
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The origin of the Base Coordinate System is located at the intersection of 
the centerline of rotation of the first axis and the floor of the lab. The first axis 15 
the first axis of motion encounter starting at the frame and progressing toward the 
end-effector. The +X, axis points away from the origin and continues through the 
centerpoint of the Manipulator working space (Cy) on the plane defined by the 
interface between the Manipulator’s frame and the floor of the lab (see Figure 5.1). 

The working space is the space in which the Manipulator has no limitations 
in the movement of the mechanical interface other than those imposed by the 
joints. The centerpoint (C,,) is the geometric center of that space (see Figure 5.2). 
The +Z, axis points in the direction of the mechanical structure of the Manipulator 


advancing away from the floor of the lab. 


5.1.3 Mechanical Interface Coordinate System 


The Mechanical Interface Coordinate System establishes the location of the 
end-effector relative to the Manipulator position. It is a Cartesian coordinate 
system that consists of three translational coordinates (Xm, Ym,Zm) and three 


rotational coordinates (Aq,Bm,Cm) comparable to the World and Base Coordinate 


Systems. 
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The origin of the Mechanical Interface Coordinate System is located at the 
intersection of the Manipulator's Roll, Pitch and Yaw axes in their mid-positions 
(see Figures 5.1 and 5.3). The +Z,, axis is defined by the centerline of the Roll 
axis and points outwardly normal to the mechanical flange of the Manipulator. 
The +X,, axis is defined by the centerline of the Yaw axis and points away from 
the *Z; axis. The +Y,, direction is defined by the right-hand rule coordinate 


system convention. 


5.1.4 Test Equipment Coordinate System 


The Test Equipment Coordinate System establishes the direction of the 
sensor output. It is a Cartesian coordinate system that consists of three 
translational coordinates (X;, Y:,Z,) and three rotational coordinates (A,B,,C) 
comparable to the other systems. The (X,, Y,,Z,) coordinates form a right-handed 
coordinate system with the origin established by the measurement apparatus. The 
vector relationship between the Base Coordinate System and the Test Equipment 


Coordinate System shall be recorded with the test output. 
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5.2 Standard Test Conditions 


ANSI recommends the following conditions under which the standard test 


should be performed. 


5.2.1 Test Environment 


The environment shall be maintained at the following conditions: 


1. The ambient temperature shall be 18°C to 30°C and be maintained 


within a total range of 2°C. 


2. The relative humidity shall be maintained between 30 and 90%. 


3. The vibration content shall be measured and noted if believed to 


significantly affect the test results. 


These test conditions shall be noted with the test results. 


The intent of these rigid test conditions is to achieve consistent 
performance. It is important to ascertain the Manipulator’s full performance 
potential. Obviously these conditions will not be met during outside crane 


mounted testing. Regardless, the environment conditions shall always be noted. 
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5.2.2 Test Load 


The rated payload of the Manipulator is greater than 140 kg and thus falls 
into ANSI Standard Test Load Category 12. For this class, ANSI recommends a 
payload of no less than 5096 of the manufacturer's maximum rated specification. 
Since the Manipulator's maximum payload is currently 1600 Ibs. (725 kg), the 
standard test load shall be no less than 800 lbs. (363 kg). The weight, moment and 


inertial properties of the test load shall be recorded. 


5.2.3 Test Point 


The test point is the physical point on the end-effector where the 
Manipulator position is measured. Per ANSI recommendations, the test point 
shall be located as close as possible to, but not necessarily coincident with, the 
center of gravity ofthe test load. The axial and radial offset of the test point will 
be greater than or equal to the axial and radial offset of the test load center of 


gravity. The following definitions apply: 


e axial offset. The distance along the Z,, axis of the Mechanical Interface 


Coordinate System to the center of gravity of the test load. 
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radial offset. The perpendicular distance from the Z,, axis of the 
Mechanical Interface Coordinate System to the center of gravity of the 


test load (see Figure 5.3). 


5.2.4 Test Plane 


The test plane is an unbounded referenced plane within the Manipulator 
working space that is parallel to the (1, 1, -1) plane and passes through the 
working space center point, C, (see Figure 5.4). The test path lies within the test 


plane. 





Figure 5.4 - Test Plane Location (ANSI/RIA R15.05-1 90) 
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5.2.5 Test Path 


The test path is a sequence of points used to quantify the performance of 
the Manipulator. The test path specified by ANSI allows for the relative 
comparison of accuracy, repeatability, cyclic rate and overshoot between different 
large scale manipulators. All data shall be taken from measurements of motion 
along the test path. The specific measurements that quantify the test paths for 


static and dynamic testing are described in the following sections. 


5.2.5.1 Static (Point to Point) Test Path 


This test path is adopted from ANSI/RIA R15.05-1 90. The path 1s 
located in the test plane and lies along the reference center line E,E) (see Figure 
5.2b). Points E; and E; are located at the intersection of the test plane and the 
boundary of the Manipulator working space on a horizontal line that passes 
through the working space center point, Cy.. The test path (Figure 5.5) is defined 


as: 


l. A rectangle located in the test plane with Li, Ui, Us and L4 forming the 


Comers. 
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2. The test path segment length (SL) will be 1000 mm, the largest test 
segment recommended by ANSI. The path will contain at least three 


segments. 


3. The rectangular segment side lengths (Di) will be one-half the path 


segment length (Si) or 500 mm. 


4. The total length of the test path rectangle is defined as the length of the 
line F;F; (3000 mm). The segment end-points are labeled U,; through U, 


along the top (line U, U4) and L, through L, along the bottom (line LL). 


5. The length of line segments E,F; and EF) will be equal. 


6. The Manipulator shall maintain, where possible, the orientation of the 
Mechanical Interface axis Zm perpendicular to the test plane at all points. 
Where the limiting range of the pivoting motion precludes this (Glass 
1984), the Manipulator shall maintain the Zm axis as near to perpendicular 


to the test plane as possible. 
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Figure 5.5 - Static Test Path (lab tests) 


5.2.5.2 Dynamic (Path-Related) Test Path 


This test path is adopted from ANSI/RIA R15.05-2 92. The path is 
located in the test plane and lies along the reference center line E;E? (see Figure 
5.2b). Points E, and E> are located at the intersection of the test plane and the 
boundary of the Manipulator working space on a horizontal line that passes 
through the working space center point, Cy.. The test path (Figure 5.5) is defined 


as: 


1. A rectangle such that the path motions result in the Manipulator 
moving the test load through a large area of the Manipulator’s working 


space. 
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2. The center of the rectangle will be the midpoint, C,, of the center line 


EE 


3. Therectangle will be defined (see Figure 5.6) by the four corner points 


(Ri, Ro, Ra, Ry). 


4. The segment lengths, S;, shall be 1000mm as recommended by ANSI. 


5. The rectangle will have a height of Sı (1000mm) and a length of 2S; 


(2000mm). 


6. The direction of travel will be clockwise when viewed from the base of 


the Manipulator. 


7. The starting point will be as shown in Figure 5.6. 


8. ANSI recommends a maximum speed of 1000mm/sec for an 


S; -1000mm. 
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Starting 
point 





Figure 5.6 - Dynamic Test Path (lab tests) 


5.2.6 Working Space Center Point 


The working space center point, Cy, of the Manipulator is located at the 
midpoint of the line parallel to the X, axis whose Z, axis position will be the 


midpoint of travel in the Z, axis direction (see Figure 5.2). 


§.2.7 Path-Related Evaluation Planes 


ANSI (ANSI/RIA R15.05-2 92) introduces the concept of evaluation 


planes to simplify the calculation process by transforming complex three- 
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dimensional path calculations into the intersections between the attained path and 
the two-dimensional evaluation planes (see Figure 5.7). Evaluation planes are 
used to establish discrete locations for the evaluation of path accuracy and 
repeatability. These planes are aligned normal to the test plane and are placed at 
equal linear distances of 1/4 S; apart (250 mm). There are a total of 20 evaluation 
points. Linear interpolation shall be used when an attained point does not lie 


exactly on the evaluation plane (see Figure 4.2). 


Evaluation 


Start/Stop point 
К, D 





Figure 5.7 - Path Related Evaluation Planes 
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5.3 Performance Classes 


ANSI provides different performance classes for optimizing specific 
performance characteristics (for example, repeatability or cycle time). Hardware 
and software adjustments can be made prior to testing for each performance class. 
However, all adjustments must remain constant for every test within the 


performance class. The four classes are: 


e Class l- Standard : To evaluate overall performance without optimizing 
specific parameters. The standard test conditions were outlined in the previous 
section. Per ANSI guidelines, the Manipulator, a hydraulic system, may be 
operated for 15 minutes prior to data acquisition. The Manipulator shall not 


experience system overloads or overheating during testing. 


e Class II- Cycle Time (Speed) : To evaluate the Manipulator under optimized 
cycle time conditions. Performance parameters may be varied to enhance cycle 
time performance consistent with intended use but still remain indicative of actual 


cycle time performance. 


e Class III - Repeatability: To evaluate the Manipulator under optimized 


repeatability conditions. Performance parameters may be varied to enhance 
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repeatability performance consistent with intended use but still remain indicative of 


actual repeatability performance. 


e Class IV - Special: To evaluate other specific Manipulator performance 
characteristics. This class is provided to allow testing of characteristics not 


covered in classes I through III. 


5.4 Performance Criteria for Point to Point and Static Testing 


This section outlines the static and point to point performance criteria of 
the Manipulator. The follow:ng subsections are derived from ANSI/RIA R15.05-1 


90. 


S.4.1 Positional Accuracy (PA) 


ANSI defines static positional accuracy as the statistical measure of the 
spatial deviation between commanded and achieved Manipulator positions. The 
static accuracy will be computed from the data collected during operation of the 
Manipulator under the standard test conditions outlined in section 5.2. The 


recommended procedure is: 
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1. Calibrate the Manipulator control system. Enter the coordinates of the test 


point into the controller. 


2. Match the Test Equipment Coordinate System with the Base Coordinate 


System at three or more points along the test path. 


3. Enter the commanded poses into the Manipulator controller without physically 
moving the Manipulator. The list of poses will consist of unique commanded 
poses (for example Xi, Yi, Zi, Ai, Bj, Ci). The (Xi, Yi, Zi) coordinates will be 
identical to the test path vertices described in section 5.2.5.1. The orientation 
coordinates (A;, B;, C) shall be selected at random from the set of all achievable 
positions. Fifty poses will be input to the controller using multiple visits to each 


vertex. 


4. Command the Manipulator to stop at the selected commanded poses. The 
order of visiting each vertex shall be completely random to provide unique 
approach paths. After the Manipulator has reached stabilization, measure the 


achieved pose in the test equipment coordinates (X, Y, Zi). 


5. Compute the mean (d,,) and standard deviation (Spa) accuracy as described in 


Section 4.2.1 and record results. 
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5.4.2 Positional Repeatability 


ANSI defines positional repeatability as the measure of deviation between 
achieved Manipulator positions and the mean of those positions after ordering the 
Manipulator to the same pose N times. The repeatability will be computed from 
the data collected during operation of the Manipulator under the standard test 


conditions outlined in section 5.2. The recommended procedure is: 


1. Three measurement positions are required and will consist of the L;, L2, and L, 
positions shown in Figure 5.5. The motion between these measurement positions 
will be along the test path while maintaining the orientation of the mechanical 


interface. 


2. Warm-up drift and the warm-up period are determined from the number of 
readings that elapse, after a cold start, until the system reaches system 
stabilization. Warm-up drift is the positional difference between the first position 
after start-up and the first position after reaching system stabilization. The warm- 


up period is the time this takes measured in minutes. 


3. Calculate and record the Manipulator’s mean positional repeatability (a) 


and standard deviation (Spep) as described in Section 4.2.3 for a recommended 


sample size (N) of 500 continuous cycles. 
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S.4.3 Cycle Time 


Segment time and traverse cycle time are the two figures recorded for 


cycle time. 


e Segment cycle time is the average time required by the Manipulator to travel 


through one segment of the test path and is recorded in seconds. 


e Traverse cycle time is the average speed attained while completing relatively 


large movements. 


The recommended procedure is: 


1. The test load and test path previously described in section 5.2 shall be used. 


2. During the segment cycle portion of the test, the Manipulator shall be 
programmed to following test path: 

L3 — U3 > Us > La,‏ ج رل ج رل ج 12 9 U2‏ > رل ج ر 
The start and end points of each segment are the points labeled L. The‏ 


Manipulator shall reach system stabilization at each point before continuing. 


3. Upon reaching point L4, the Manipulator shall return to L, using the following 
return path: Ly > U, > U, 4> L, This is the path for measuring the traverse 


speed. 
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4. The Manipulator shall maintain the orientation of the mechanical interface axis, 
Zm, throughout the test. The maximum deviation for the programmed upper point 


(Ui, U», U3, Us) shall be recorded. 


S. Compute segment cycle time as follows: 


Time (L, to L,) 


; seconds/segment 


segment cycle time = 


where Time(L, to L4) is the time required to travel from L, to La in step 2. 
Segment time is the average number of seconds required to move through one 


segment. The total number of segments in this test path is three. 


6. Compute average traverse speed as follows: 


3(S, ) +2(D,) 
Time(L,toL, ) 


average traverse speed = meters/second. 


Average traverse speed is the average speed achieved during step 3. 


5.4.4 Overshoot and Settling Time 


Overshoot is measured to quantify the Manipulator capability to make 
smooth and accurate stops. Overshoot is an important performance parameter for 


operations involving large inertia's, high speed or frequent stops. To measure 
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overshoot the Manipulator is run continuously from U —^ L; > U, 2 U; — L5 
> U2 > U; > L; > U; ——U,— L4 — U, and then straight to U, (see Figure 
5.5). Overshoot is equal to the overtravel distance at point L, and is an absolute 
value along the direction of points U, to Lı when the Manipulator approaches 
from point U;. Overshoot shall be measured for several cycles and the average 


recorded. 


Settling time is measured to quantify the Manipulator's capability to stop 
quickly at a target point. To measure settling time, the Manipulator is run through 
the same cycle as overshoot. When the Manipulator approaches point L, from U; 
the position of the test point is continuously measured until system stabilization 
reached. Settling time is measured as the elapsed time from the instance of initial 
crossing into the limit band until the instance when the Manipulator remains within 
the limit band (see Figure 2.4). Repeat the same procedure several times and 


record the average value. 
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5.5 Performance Criteria for Path-Related and Dynamic Testing 


This section outlines the path-related and dynamic performance criteria of 
the Manipulator. The following subsections are derived from ANSI/RIA R15.05-2 


92 


5.5.1 Relative Path Accuracy 


ANSI defines relative path accuracy as the measurement of the distance 
between a reference path and any given attained path. The relative path accuracy 
test utilizes a previously measured path as reference. The reference path is 
acquired by commanding the Manipulator to follow the standard test path at the 


standard test conditions described in Section 5.2. The recommended procedure is: 


1. Calibrate the Manipulator control system. Enter the coordinates of the test 


point into the controller. 


2. Move the Manipulator such that the test point coincides with the midpoint, C,, 
of the test plane. The C, is used as the origin of the coordinate system defining the 
reference path. The Test Equipment Coordinate System is aligned with the test 


plane per Section 10.2.3.3 of ANSI/RIA R15.05-2 92. 
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3. Program the Manipulator to follow the test path described in Section 5.2 at a 
speed of 1O00mm/sec. Measure the (Xr, Yr, Zr) points (see Figure 4.1) for each of 
the m evaluation points shown in Figure 5.6. Use linear interpolation to calculate 
the intersection of the relative reference path with the evaluation plane (see Figure 
4.2). These values will be used as the reference path to measure relative path 


accuracy. 


4. Program the Manipulator to follow the standard test path at 50% and 100% of 
maximum speed. Measure the attained (Xr, Yr, Zr) coordinates for each 


evaluation point. 


5. Calculate the maximum path accuracy (ACpreL) and the average path accuracy 


(AC,,, ) as described in Section 4.2.2 and record the results. 


5.5.2 Path Repeatability 


ANSI defines path repeatability as the measure of the closeness between 
multiple attained paths. Path repeatability is measured using the same test 
procedure described in Section 5.5.1 above. The difference between the measured 
path accuracy and path repeatability is that path repeatability uses the average of a 


path traversed 7 times (see Section 4.2.4). Calculate the maximum path 
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repeatability (PR) and average path repeatability (PR) as described in Section 


4.2.4. 


5.5.3 Path Speed Characteristics 


ANSI defines four terms to quantify path speed characteristics: 


1. Path speed accuracy (AS) : the difference between the programmed speed and 


the mean value of the attained speed during 7 traversals along the test path. AS is 


expressed as a percentage of the programmed speed: 


Here: 





> |— 
al 
e 
gn 
|| 


5-5, К 
AS(%) = x100 where, 3 = 
S 


р 


=. 
И 
— 


S, is the programmed speed; 


sij 1s the attained speed for the ith cycle and jth evaluation point; 
m is the number of evaluation points; 
n is the number of cycles; 


Sis the mean speed for one traversal of the test path. 
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2. Path speed Repeatability (RS): the closeness of agreement of the speeds 
attained for the same programmed speed. Using the same procedure as path speed 


accuracy: 


RS(%) = E x 100. 
S 


Р 


3. Path speed fluctuations (FS): the maximum deviation in speed for a single 
traversal of an attained path at constant speed conditions. Using the same 


procedure as path speed accuracy: 
n m m 
FS 7 max| max(s, ) - min(s, ) |. 
i=1 | ا ` اکر‎ 


4. Path acceleration time (TS): the time to move from zero speed to programmed 
speed. The time interval is measured from the first detection of motion to the 
point where the Manipulator attains the average speed within the tolerance defined 


by the path speed fluctuation (FS). 
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5.5.4 Cornering Overshoot 


ANSI defines corner overshoot (CO) as the maximum deviation past the 
target. It is measured as the largest deviation outside the reference path after the 
Manipulator has “passed” a corner. The value of CO can be calculated for each of 


the three corners traversed in the standard test path. The equation for CO is: 


k 
CO J mo VGL. -Х)` +, - Y) E e 


Where: 

e Xak, Yak, Zax are the position coordinates on the attained path; 

e Xr, Yk, Zk are the coordinates along the reference path; 

e kis the subscript number for each of the discrete data points along the path and 


15 dependent upon the test equipment sampling rate (see ANSI/RIA R15.05-2 
92 for further explanation). 
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CHAPTER SIX 


CONCLUSIONS 


This report presents various methods of performance qualification for large 
scale construction manipulators for the purpose of ascertaining physical 
specifications. The report defines the most important static and dynamic 
performance criteria and presents a method for evaluating them. These criteria are 
accuracy, repeatability, overshoot, settling time and cycle time. 

A set of meaningful benchmark tests are presented to gauge the overall 
static and dynamic performance of different large scale manipulators in order to 
provide a means of relative comparison. These performance tests are based on the 
American National Standard ANSI/RIA 15.01-1 90 for Point-to-Point and Static 
Performance and ANSI/RIA 15.01-2 92 for Path-Related and Dynamic 
Performance Evaluations of industrial robots and robot systems. 

Statistical methods are included for calculating the probability that the 
Manipulator will achieve a desired target within a calculated standard deviation. 
The formulas for computing position accuracy, repeatability and their respective 


standard deviations are reviewed for both static and path-related output. 
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Finally, the report reviewed the application of human factors engineering 
and presented a method to quantify potential improvements to the human-machine 
interface. 

The large scale manipulator owned by the University of Texas is a very 
adaptable machine. Its eight degrees-of-freedom, sixty-five foot working radius 
and multi-functional potential make it a noteworthy test bed for developing 
enhanced control and performance testing strategies. With the application of these 
benchmark tests, a means of comparing the relative strengths and weaknesses of 


different controllers and manipulators can begin. 
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